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2002 there will be 8 million cars and light duty trucks and 155,000 heavy 
duty vehicles on the road. Additional mobile pollution sources that were 
investigated in this study include: 


other transportation sources; railways, aircraft, and shipping, 
household sources; lawnmowers, snowmobiles, and boats, and 
farm equipment; tractors, combines, and harvesters. 


It is notable that vehicle sales and populations are closely connected to 
global economic trends. The inherent difficulty in making detailed economic 
projections precludes an accurate estimate of future vehicle populations. 
The estimates developed in this study were projected from Ontario motor 
vehicle population statistics for the years 1983 - 88. 


In the year 1988, light duty vehicles were the major mobile source of: 


nitrogen oxides (NO,); 54% of the total, 
carbon monoxide (CO); 72%, and 
hydrocarbons; - 44% 


Other transportation sources (railways, aircraft, and ships) contributed the 
major mobile portion of oxides of sulphur (SO,) with 85% of the total. 
Farm equipment contributed 46% of the total mobile aldehyde emissions. The 
major mobile source of particulates was heavy duty diesel vehicles with 
59.8% of the total. 


In order to estimate the cost-effectiveness of the emission standards, it 
was necessary to project the costs of complying with the standards and the 
expected pollutant reduction. Two scenarios were considered for each class 
of vehicle. They were: 


i) The effect of the implementation of the 1987 standards for light-duty 
vehicles and the 1988 standards for heavy-duty vehicles were projected 
to the year 2002. The costs of the necessary pollution control 
equipment, and the expected pollutant reduction were then calculated. 


ii) In the second scenario, a future control option/equipment was 
postulated, and the costs of the associated control technology, and 
pollutant reduction were estimated. 


In each scenario, the net present values of the total equipment costs and of 
the operating costs for the years 1988 to 2002 were estimated. In each case 
this monetary value was divided by the projected emission reduction the 
technology would provide in tonnes of pollutant per year. The resultant 
value represented the present value of the total cost per tonne of pollutant 
removed. These costs are listed in Table A. All the costs were calculated 
in 1987 Canadian dollars. 


On the basis of this study the total annual mobile emission levels wil] 
increase significantly in the future. By 2002, mobile pollution emissions 
will increase by the following amounts, from the 1987 base year: 


hydrocarbons; 11%, 
sulphur oxides; 17%, 
particulates; 36%, and 
aldehydes; 5%. 


Only nitrogen oxides emissions are expected to decrease but only by a factor 
of 11%. Carbon monoxide emissions are not expected to change (0.1% increase 
by 2002). 


Table B lists the estimated annual emission levels of these pollutants. 


This study indicates that although some major reductions are expected in the 
emissions per vehicle, there is a net increase in the total mobile source 
pollution budget. The primary cause of this increase is the substantial 
rise in the number of vehicles operating in the province over the 15 year 
study period. 


TABLE A. 


TOTAL PROJECTED COSTS OF POLLUTION CONTROL SYSTEMS 
1988-2002 
(1987 $ Can) 


Total Capital] Total Cost 
and Operating Cost Pollutant of Pollutant Reduction 

Vehicle Class Case ($m) Controlled ($/tonne) 
Light Duty A $1,209 NOx $693 
Gasoline Vehicle CO $58 
Hydrocarbons $754 

B Gye SW NOx $838 

co $119 

Hydrocarbons $1,475 

Light Duty A $41 NOx $3,618 
Diesel Vehic.e Particulates $3,116 
B $66 NOx $3,618 

Particulates $5,491 

Heavy Duty A $7 NOx $4,021 
Gasoline Vehicle CO $78 
Hydrocarbons $149 

B $33 NOx $5,655 

CO $263 

Hydrocarbons $645 

Heavy Duty A $92 NOx $435 
Diesel Vehicle Particulates $21,221 
B $169 NOx $435 


Particulates $19,106 
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TABLE B: ESTIMATED ANNUAL POLLUTANT EMISSION LEVELS 


Pollutant Year Annual Emission Level (tonnes/year) 
Nitrogen Oxides (NO,) 1988 272,134 
2002 240,922 
Carbon Monoxide (CO) 1988 1,746,595 
2002 en TAS siayreey | 
Hydrocarbons 1988 240,411 
2002 265,760 
Particulates 1988 7,178 
2002 9,729 
Sulphur Oxides (SO,) 1988 15,799 
2002 18,44] 
Aldehydes 1988 P652 
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128 INTRODUCTION 


In Canada, vehicles emit significant quantities of lead, nitrogen oxides, 
hydrocarbons, carbon monoxide, sulphur oxides, and particulates. In 
addition many of the emitted gases are involved in the production of 
secondary pollutants such as ozone and acid rain. Revised federal 
regulations have been promulgated with the intent to significantly reduce 
the magnitude of vehicular emissions in Canada. These new emission 
standards have been in effect since September 1, 1987, and were initiated 
for the 1988 model-year cars and light-duty trucks. 


Prior to the implementation of the revised emission standards, Environment 
Canada estimated the vehicular components contributing to the total air 
pollution burden as: 

lead - 60% of total emissions, 

nitrogen oxides - 20% of overall NO,, 

hydrocarbons - 24% of total emissions, and 

carbon monoxide - 45% of total (human activity) emissions. 


The revised federal standards reduced the amount of emissions as follows: 


the amount of lead allowed in leaded gasoline was reduced from 0.77 
grams per litre to 0.29 grams per litre, 


by 1990, the amount of lead used in gas will be virtually eliminated, 


the NO, automobile emission standard declined from 3.1 grams per mile 
driven (gpm) to 1.0 gpm, 


the hydrocarbon auto emission standard declined from 2.0 gpm to 0.4] 
gpm, and 


the carbon monoxide emission standard declined from 25 gpm to 3.4 gpm. 


These emission reductions will be achieved through the use of improved 
engine design and the installation of pollution control systems. The most 
important of these control systems is the catalytic converter. The two-way 
or oxidation catalytic converter has been the most frequently used system, 
however as emissions standards become more stringent the use of the three- 


way Catalytic converter is expected to increase. 


To determine the most effective way to regulate air emissions of all sources 
in Ontario, the cost of vehicle emission controls must be evaluated. The 
technology and its effectiveness to reduce emissions or achieve emission 
Standards must be weighed against their economic feasibility in the 
marketplace. Iw addition, **the tcost-effectiveness fof *Vehiclar emission 


control’ ineOntariounustiraiso betevalvared: 


In order to evaluate the cost effectiveness of the vehicle emission control, 
this study was undertaken by MacLaren Plansearch for the Air Resources 
Branch of the Ontario Ministry of the Environment. Nine tasks were defined 


by the Ministry and were carried out. These included: 


a search of the current literature to determine what studies have been 
carried out on the subject (the resulting bibliography is presented at 
the end of the report). 


the identification of the tota!] Ontario motor vehicle population of 


light and heavy duty gasoline and diesel vehicles, 


the identification of other miscellaneous mobile pollution sources such 
as household facilities, farm equipment and other’ transportation 
sources to determine their contribution to Ontario’s total pollution 


burden, 


the identification of automotive pollution control systems and devices 
installed on light and heavy duty gasoline and diesel vehicles, 


the identification of the effects of tampering with the pollution 


The 


control systems on the vehicle operation, 


the identification of possible future pollution control] systems and 


alternate fuel systems, 


the identification of the influence of market penetration on the 
availability of vehicle models in Canada, 


the identification of the capital costs, manufacturers’ and consumers’, 
of the pollution control systems being used, k 


the identification of any variation in operating costs due to the 


pollution control systems, and 


the estimation Of ine cost UF Veni te pol ition contro! Th Untanio. and 


Canada for the last five years. 


information that was obtained during the execution of these tasks is 


presented in the following report. 


fers IDENTIFICATION OF THE ONTARIO MOTOR VEHICLE POPULATION 


raat Summary Of The Ontario Motor Vehicle Population 


Eleven classes of motor vehicles were considered as sources of pollutants; 
these are listed in Table 2.1. The total and model year populations for 
1984 to 1987 for each vehicle class was summarized from the Ontario 
Plate/Registrant/Vehicle report of 1987 [1] prepared by the Ontario Ministry 
of Transportation. A more detailed description of the procedures used in 
determining vehicle emissions and populations is provided in Section 2.2. At 
various stages of the analysis, linear regressions of the data were 
calculated. These linear regressions are summarized in Appendix A of the 


report. 


For gasoline and diesel fueled passenger cars -and trucks, it was assumed 
that the percentage of car and truck sales which were diesel or gasoline 
would remain constant in the future. For diesel light duty vehicles, this 
would be 1.5% of all passenger car sales and 6.5% of all light duty truck 
Sales [20]. This assumption requires that efficient and durable particulate 
traps are developed which will consistently meet the more stringent 
particulate standards adopted in 1987. On the basis of conversations with 
officials from Environment Canada and the California Air Resources Board, it 
appears that better diesel control systems have been developed and that 
Standards are being met [2,3]. Further improvements are being made to the 


traps as a result of continued research and development. 


For heavy duty gasoline vehicles, it has been estimated that 41.6% of the 
heavy duty vehicle market will be held by gasoline vehicles. As well, the 
percentage of vehicles in the light and medium weight classes was assumed to 
remain constant at 77% and 23% respectively. It is notable that the heavy 
duty gasoline vehicle market is quite volatile due to the impact of global 
oil markets and economic recessions. Therefore it is difficult to estimate 


future usage of these vehicle classes with good precision [4]. 


TABLEV 2 17 


MOTOR VEHICLE CLASSES 


Light Duty Vehicles - gasoline passenger cars 
- diesel passenger cars 
- gasoline light duty trucks 
- diesel light duty trucks 
=" MOconcycles 


Heavy Duty Vehicles - light heavy duty gasoline vehicles 
- medium heavy duty gasoline vehicles 
- light heavy duty diesel vehicles 
- medium heavy duty diesel vehicles 
- heavy heavy duty diesel vehicles 
~' buses 


Similarly, heavy duty diesel vehicles are assumed to capture 58.4% of the 
market now and in the future. Any growth in the diesel market due to a 
shift from gasoline to diesel vehicles has been neglected since it would be 


ditt ircu ve sto accurately estimate the extent of this trend [4]. 


To predict the future populations for the different vehicle classes, a 
linear regression based on the population of years 1984 to 1987 was used. 
This assumption ignored any cyclical changes due to economic conditions or 
the shift to diesel vehicles for heavy duty vehicles. 


Figures 2.1 to 2.3 show the present and predicted total and model year 
vehicle populations for gasoline passenger cars and trucks, diesel passenger 
cars and trucks, heavy duty gasoline vehicles, and heavy duty diesel 
vehicles for the years from 1984 to 2002. Tables 2.2 to 2.5 present the 
data used to prepare the populations displayed in the figures. These 
populations will be used in Chapter 9 when projected costs of various 
pollution control systems are estimated. 


Currently, there are about 5 million cars and light duty trucks, and 73,000 
heavy duty vehicles on the road in Ontario. These projections estimate that 
by the year 2002, there could be nearly 8 million cars and light duty trucks 
on the road in Ontario. These could be joined by as many as 155,000 heavy 


duty vehicles. 
Once again, it is important to note that future vehicle sales are influenced 


by a number of economic factors that cannot be estimated in a study of this 
limited scope. 


ee Method Of Calculating Vehicle Pollutant Emissions 


LH 2-21 Passenger Cars (Gasoline): Calculation Of Emissions And Vehicle 
Populations 


Emissions: These data was obtained from the Vehicle Emissions Section of 
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the Ontario Ministry of the Environment [27]. This information was obtained 
from a sample of 295 cars tested in 1984 at the testing facility in 
Downsview, Ontario. All the cars were tested "in-received" condition using 
the owner’s gasoline. The emission rates of these Ontario cars were higher 
than rates available from U.S. sources. This 18 the result of the fact that, 
historically, Canadian emission standards have been higher than those in the 
Ves. 


The cars tested in the 1984 program ranged in age from new to 10 years old. 
Average emission rates were calculated for each age group. A straight line 
regression was then applied to the emission rates, so that an average 
deterioration rate from cars for the years 1975 to 1984 could be calculated. 
The average emission rate for new cars was used as the standard zero mile 
level emission rate. As the cars aged, the average deterioration rate was 
added annually to the average emission rate to obtain the age-dependent 
emission rate for the vehicles. The annual. deterioration rate was then the 


increase in the pollutant emission rate per year. 


Population: Two sources of vehicle populations were available: The 
population of gasoline-powered passenger vehicles was obtained from 
Statistics Canada for the four years 1984 to 1987 [7]. The model year 
population was obtained from the Ontario Plate/Registrant/Vehicle report of 
fey ‘(alee 


Vhs bee Es Light Dut Trucks Gasoline): Calculation Of Emissions and 


Vehicle Populations 


Emissions: This data was obtained from Tables 1.1.2A to 1.1.2B of the EPA 
reference [5], "Low altitude light-duty gasoline-powered vehicles’. The 
truck emissions estimated were for all commercial trucks that weighed less 
than or equal to 6,350 kg. 


Population: The total and model year populations were obtained from the 


commercial vehicle section of the Ontario Plate/Registrant/Vehicle report of 
1984 to 1987 [1]. These trucks were mainly pick-up trucks and vans that 
were used for commercial purposes rather than for personal use. These 
populations were about 89% of the total and model year commercial vehicle 
populations. Non-commercial vehicles were included with the passenger 
vehicles in the Ontario Plate/Registrant/Vehicle report. 


2 24 Diesel Passenger Cars and Trucks: Calculation Of Emissions and 
Vehicle Populations 


Emissions: Annual composite fleet emission factors for light duty diesel 
vehicles (LDDV’s) were obtained from the Mobile 3C Program [6]. Two cases 
were considered. The first assumed no changes in composite fleet emissions 
from 1987 onwards, while the second assumed a steady reduction in the fleet 
emissions until 1995 as estimated by the Mobile 3C program. Only NO, and 
particulate emissions were considered. Other pollutants such as C0 and 
hydrocarbons were ignored since these emissions are negligible from diesel 
vehicles. 


Population: The total and model year populations for diesel cars were 1.5% 
of the passenger car populations. For diesel trucks, they were 6.5% of the 
light duty truck populations [20]. For the years in which there was no 
data, the populations were interpolated or extrapolated using a simple 
linear regression. 


282 34 Motorcycles: Calculation Of Emissions And Vehicle Populations 


Emissions: “Emission @hactordatavwasi taken from the draft data for Mobile 4n 
The motorcycle population was assumed to be 60% 4-stroke and 40% 2-stroke 


Mane 


The deterioration rates were obtained from the Mobile 4 estimates in which 
the deterioration rates were assumed to be a fixed percentage of the zero 
mileage emission rates. For 1977 to 1884, the deterioration rates were 5% 
for carbon monoxide and 10% for hydrocarbons. Por @bos8S, -onwardseeetite 
deterioration rates were 10% for carbon monoxide and 20% for hydrocarbons. 


No deterioration rate for nitrogen oxides was used [6]. 


Population: The population data for motorcycles was obtained from 
Statistics’ Canada i7 jmandsthewOntariioeMinistry.oi transporte bi Omen! |.” eer 
was felt that the Statistics Canada data overestimated the motorcycle 
population, and that the Ministry data was more accurate. However, Ministry 


of Transportation data was only available for the year 1987. 


To adjust the Statistics Canada data, the number of motorcycles for 1987, as 
Supplied by the Ministry of Transportation were subtracted from the number 
stated “py Statistics (Canadas fon 196) 9)" This ditrerence=was =sublracted trom 
all the Statistics Canada data and a regression done on the adjusted data. 


A percent population breakdown based on the age of the vehicle was done 
using the 1987 data [1]. For each year, emission factors and deterioration 
rates were then applied according to the age of the vehicle and the 


percentage of the vehicle population of that age. 


lamas Buses: Calculation Of Emissions And Vehicle Populations 


Emissions: The emission factors were obtained from Appendix N, Table N-] 
[5] and were based on test results from a diesel-powered heavy duty vehicle 
test. 


Population: The number of bus vehicle-km’s travelled per year was obtained 
from’ Statistics “Canada [S| iror’ "the "years *lOv7P toz=198s" "the = Nataonan 
Transportation Agency of Canada: Transportation Report: Oct. 1985 to Dec. 
1987" [9], and the "Canadian Transport Commission: Transport Review, July 
1987-1988" [10]. 


Sample Calculations 
Given the year to date data for July 1987, an estimation was made of the 


average monthly bus-km travelled. The ‘total bus-km per year was then 


calculated by multiplying this value by l2. 


For example, in 1987, 
(97,519,856 bus km-travelled to July)/(7 months)*(12 months) 
=]1.67E08 km/year 


To obtain the grams of pollutant emitted per year the above value was 


multiplied by the emission factor. For example, 


For example, carbon monoxide in 1987, 

Carbon Monoxide - 1987 

Total CO emitted = # bus- km / year * EF 

(1.67E08 km/yr) (77.5 grams/mile)(0.62 mile/km) 
8033 tonnes/year. 


2. Las Heavy Duty Diesel Vehicles (HDDV): Calculation Of Emissions And 
Vehicle Populations 


Emissions: Canadian emission factors for heavy diesel vehicles for NOx and 
particulates were obtained from the Transport Canada report [4]. The total 
carbon monoxide and hydrocarbon emissions are negligible from diesel 
engines, consequently they were ignored in the final analysis. Only 
particulate and Nox emissions are significant. 


Some of the emission rates provided in the report were given as an average 
over the life of the vehicle, while others were given as a zero mile 
emission factor and a deterioration rate for every 16,000 km driven [4]. 
Since a yearly deterioration was needed, the average annual distance 
travelled was divided by 16000 km; this was multiplied by the deterioration 
factor giving a deterioration rate for each year of driving. 


Population: The total and model year population of all heavy duty vehicles 


was calculated from the 1984 to 1987 Ontario Ministry of Transportation Data 
on Commercial Vehicles [1]. The percentage that was diesel, 58.4%, was 


obtained from the Transport Canada analysis [4]. 


The percent population breakdown by age of the vehicle was based on 1987 
data for active commercial vehicles as found in the Ontario Ministry of 
Transportation Plate/Registrant/Vehicle populations. 


The average annual mileage travelled by the light, medium, and heavy duty 
diesel vehicles and the percentage of the heavy duty diesel truck population 
classified as light, medium, and heavy were obtained from the Transport 
Canada analysis [4]. A composite milage was obtained for all HDDV for each 
year by multiplying the annual mileage for each weight class by the 
percentage of the class and summing. The results were then converted from 


miles to kilometers. 


Clea: Heavy Duty Gasoline Vehicles (HDGV): Calculation Of Emissions And 
Vehicle Populations 


Emissions: Emissions data for. heavy duty gasoline vehicles were obtained 
from the Transport Canada report [4]. The emission factors provided in the 
report were given as a zero mile emission levels and deterioration rates for 
every 16000 km driven. These were converted to yearly deterioration rates 
similarly to heavy duty diesel vehicles. 


Population: The total and model year populations of heavy duty gasoline 
vehicles were obtained from the Ontario Ministry of Transportation data on 
commercial vehicles [1]. The fraction of commercial vehicles which was 
gasoline was 0.416. The percent population breakdown by age was obtained 
from. the» 1987.4 Ontanio *Ministrye ofa Transportation? datums fort aetive 
commercial vehicles as for HDDV’s. This.was used to calculate yearly 


mileage composites for all HDGV’s, as described in the section on HDDV’s. 


10 


The heavy duty gasoline vehicles were divided into light and medium heavy 


duty weight classes. 


i 


S20) OTHER MOBILE POLLUTION SOURCES 
Seal Summary Of The Emissions From Other Sources 


In Ontario, motor vehicles, light and heavy duty, are not the only mobile 
source of the pollutants NO,, CO, hydrocarbons, particulates, SQ,, and 
aldehydes. As part of this study, other miscellaneous mobile sources were 
identified, and their contribution to Ontario’s total pollution burden was 
estimated. These other mobile pollution sources that were identified are 
listed in Table 3.1. 


For each source, the emission levels in tonnes per year of particulates, 
NO,, SO,, saldehydes,, hydrocarbons, and (CO were estiniated) for Utesyears trom 
1976. to 51983". Projected emission levels for the year 2002 were also 
calculated. The assumptions used in estimating the source populations and 


their emission rates are presented in Section 3.2. 


For each mobile source, the contribution of each source to the total annual 
emissions levels over the fourteen years has been analyzed. The 
contribution of each source of CO, hydrocarbons, NO,, particulates, SO,, and 
aldehydes are depicted int the pie charts, Figures 3. elo See or ties years 
1987 and 2002. The pollutant emissions used in these figures are given in 


Fab heS ess ZetOworel os 


In 1987, the new motor vehicle emission standards were implemented which 
affected all 1988 and future model year vehicles. By the year 2002, all] 1987 
model year and older passenger cars and light duty trucks should no longer 
be on the road. All the vehicles on the road will then meet the 1987 
emission standards. Consequently, the contribution of these vehicles to the 


total pollution emission levels may be altered by this time. 


For the pollutants CO, hydrocarbons, and NO,, light duty vehicles were the 
major single mobile source of these pollutants in 1988. Particulates were 
produced mainly by heavy diesel vehicles. Aldehydes and SO, emission levels 


were not determined for motor vehicles since emission rates were not 


Me 


TAB Ist Stent. 


MISCELLANEOUS MOBILE POLLUTION SOURCES 


Other Transportation Sources: Aircraft 
Shipping 
Railway 


Household Facilities: Lawnmowers 
Snowblowers 
Snowmobiles 
Recreational Boats 


Farm Equipment: Tractors 
Combines 
Swathers 
Balers 
Harvesters 


NITROGEN OXIDE EMISSIONS FOR 1987 
Total : 277 ,722 tonnes per year 


FARM EQUIPMENT (7 . 15) AR (2.5%) 


RAL (11.2%) 


H.0.0.V. (13.4%) BUSES (1. 1%) 


SHIPPING (7 . 0%) 
H.0.G.V. (1.2%) 


L.D.@. TRUCKS (6.7%) 


PASSENGER CARS (49 . 7%) 


NITROGEN OXIDE EMISSIONS FOR 2002 
Total : 240 ,922 tonnes per year 


FARM EQUIPMENT (9. 1%) AR (5 . 1%) 


RAL (13. 1%) 


H.D.D.V. (21.6%) BUSES (1.4%) 


SHIPPING (11.3%) 


H.0.G.V. (3.0%) 


L.0.G. TRUCKS (5.3%) 


PASSENGER CARS (30.0%) 


Figure 3.1 


CARBON MONOXIDE EMISSIONS FOR 1987 
Total: 1,715,368 tonnes per year 


H.D.G.V. (1.2%) AR (1.6%) 


FARM EQUPMENT (13.5%) 


MOTORCYCLE (2. 1%) 
SHPPPING (0. 4%) 


HOUSE EQUPMENT (4.8%) 
BUS (0.5%) 


PASSENGER CARS AND TRUCKS (62. 1%) 


CARBON MONOXIDE EMISSIONS FOR 2002 
Total: 1,758 ,257 tonnes per year 


H.0.G.V. (2.0%) AIR(2.4%) 


FARM EQUIPMENT (13.4%) 


MOTORCYCLE (1.9%) 


RECREATIONAL BOATS (4.8%) 


RALWAY (0.6%) 


L.D.G. TRUCKS (8.5%) 


SHIPPING (0. 6%) 
HOUSE EQUIPMENT (5 . 6%) 
. BUS (0.6%) 


PASSENGER CARS AND TRUCKS (62. 1%) 


Figure 3.2 


HYDROCARBON EMISSIONS FOR 1987. 
Total : 239,621 tonnes per year 


AR (7 4%) 


FARM EQUIPMENT (14.3%) | H.D.G.V. (2.2%) 
76 Y \ RAL (3. 1%) 


uy COMMERQALL.D.G.V. (14.3%) 


SHIPPING (1. 7%) 


MOTORCYCLES (3.0%) 
BUSES (0. 4%) 


PASSENGER CARS AND TRUCKS (37.6%) 
HOUSE EQUIPMENT (25 . 0%) 


HYDROCARBON EMISSIONS FOR 2002. 
Total : 265 , 760 tonnes per year 


FARM EQUPMENT (13.8%) AR (10 . 6%) 


H.D.G.¥. (2.0%) 
BUSES (0.4%) RAL (3.0%) 
COMMERCIAL L.O.G.V. (5.8%) 


SHIPPING (2 . 2%) 
MOTORCYCLES (1. 7%) 


PASSENGER CARS AND TRUCKS (31.7%) 
HOUSE EQUIPMENT (28 . 5%) 


Figure 3.3 


PARTICULATE EMISSIONS FOR 1987 


Totat 5,980 tonnes per year 


1.0.0. VEHICLES (10.7%) 


\ 


“ / oh H.D.D. VEHICLES (44. 1%) 


HOUSE EQUIPMENT (19.5%) > ae 


. y, 
. yy, 
. 4 
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PARTICULATE EMISSIONS FOR 2002 


Totat 9,729 tonnes per year 


L.0.0. VEHICLE (4.4%) 


EQUIPMENT (15.7%) 


H.0.D. VEHICLES (69.8%) 


Figure 3.4 


SULPHUR OXIDE EMISSIONS FOR 1987. 
Total : 15,697 tonnes per year 


RECREATIONAL BOATS (1. 5%) AR (4.4%) 
FARM EQUIPMENT (14.2%) 


SHIPPING (49 . 8%) 
RAL (30.2%) 


- SULPHUR OXIDE EMISSIONS FOR 2002. 
Total: 18,441 tonnes per year 


RECREATIONAL BOATS (1.8%) AR (6 .2%) 
FARM EQUPMENT (11.8%) 


RAL (26. 4%) 


SHIPPING (54 . 1%) 


Figure 3.5 


ALDEHYDE EMISSIONS FOR 1987. 
Total: 1,652 tonnes per year 


RALWAYS (27 . 9%) 


FARM EQUPMENT (48 .O%) 


HOUSE EQUIPMENT (26 . 1%) 


ALDEHYDE EMISSIONS FOR 2002. 
Total: 1,731 tonnes per year 


RALWAYS (27 .3%) 


FARM EQUIPMENT (46 . 1%) 


HOUSE EQUIPMENT (26 . 7%) 


Figure 3.6 
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available. Farm equipment was the most important source of aldehyde air 
emissions. Other transportation sources, air, shipping, and railways, were 


the major source for aldehydes (28%) and SO, (85%). 


By the year 2002, the total annual emission levels of hydrocarbons, 
particulates, SO,, and aldehydes will have increased from the 1988 levels. 
This is a result of the increased populations of the sources. Any gain due 
to more stringent emission standards for motor vehicles will be offset for 
these three pollutants. Between 2002 and 1988, the percentage increase in 
the annual emissions estimated for hydrocarbons, SO,, particulates, and 
aldehydes are 11%, 17%, 36% and 5% respectively. Only for NO, (-11%) is the 
projected emission level expected to decrease. CO will remain relatively 
unchanged (+0.1%). 


3e7 Miscellaneous Mobile Pollution Sources 
S21 Sources Of Information 


The purpose..of thas=«seclion» 75 to. identify the™porimition, emissigns e1rom 
miscellaneous mobile pollution sources excluding automobiles ( e.g. 


lawnmowers, snowmobiles, airplanes, and buses.). 


Statistics Canada was used as a major source of information for the 
population of the different pollutant emitters. Values were obtained in the 
years from 1977 to 1987. These were used to estimate by linear regression 
the number of emitters in the year 2002. The United States Environmental 
Protection Agency reference "Compilation of Air Pollutant Emission Factors, 
Volume II", was used to estimate the mass of pollutants emitted each year 


(i.e. sulphur oxides, carbon monoxide and particulates) [5]. 
Rey daa Method Of Calculation 


To calculate the amount of pollutant per year, two numbers were needed: 
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1) the number of vehicles or units of equipment being used for a particular 


year, and 


2) an emission factor- the amount of a particular pollutant emitted per 


vehicle or per unit of equipment, 

ony 

1) the number of vehicle-km’s travelled per year, and 
2) the total grams of pollutant emitted per vehicle-km. 


In some cases, the emission factor was based on the horsepower-hour or how 
many hours the vehicle or unit of equipment was used per year. In many 
instances, there would be a very general number for the total number 
vehicles or vehicle-km, while the emission factor would be quite vehicle 
specifics For example, there was a very general value for the total 
airplane-km flown, but the corresponding emission factor was very specific 
to engine size. In such cases, the total emissions would be impossible to 
calculate, so a "worst-case" estimation was made. Below, for each of the 
miscellaneous mobile pollution sources, an explanation of the graphs and 
tables presented in the report is given, and sample calculations are 


provided. 


SACS Aviation: Calculation Of Emissions And Vehicle Populations 


Emissions: The emissions data was obtained from the EPA manual, Table IJI-1- 
9. "Emissions factors per aircraft per landing/take-off (LTO) cycle - civil 
aircraft" [5]. These values were based on "Table II-1-3 and Table II-1-5". 
Table II-1-3 was "Typical Duration for Civil Landing/Take-off Cycles at 
Large Congested Metropolitan Airports". The values in this table were based 
on "worst case" assumptions for the time airplanes spend in busy, congested 
airports within 3000 feet of the ground. Table II-1-5 provided the engine 
power settings for typical Environmental Protection Agency Landing-TakeOff 


(LTO) commercial cycles. Thesspowers settingunise the sipencent sthnust wor 
horsepower for a particular class of aircraft. 


The aircrafts were categorized into four major classes by percentage of LITO 


cycles. These classes were: 


jets (28%), 

turboprops (21%), 

piston aircraft (47.5%) of the total LTO’s, and 
helicopters (3.6%). 


These numbers were obtained for the year 1985 (11); the source assumed that 
these percentage breakdowns would remain unchanged. ime worse Gaye” 
emission rate for each pollutant was chosen from among the rates for 


individual aircrafts. (Concordes were not included). 


Population: Overall commercial air movement has experienced a_ steady 
increase in hours flown from 1960 to 1980. In the early 1980’s, a recession 
caused a steady decline in air movement, while data from 1986 to 1988 showed 
a steady increase. They dataisfors1986 tor 1988  wastusediv for. theaslanear 
regression. Using the pre-1986 data would have given’ an inaccurate 
prediction of the future aircraft movements. The values that were used were 
the total amount of LIO’s per year for 3 major aivrgorts imeUntario. Westen 
B. Pearson International, Ottawa International and London Airport. These 
airports are considered the busiest in Ontario and probably emit the most 
pollution per LTO, since larger planes are more frequent at these airports 
Lal 


Sample Calculation 


Carbon Monoxide (1988): 

Total CO emitted per year 
= (#sL[OsGs pervyean Varia) 
= 726.0 tonnes/year 


where i = jets, turboprops, piston aircraft, helicopters 


EP =amisstoneftactor 


3 d2m4 Railways: Calculation Of Emissions And Vehicle Populations 
Emission: The emission factors used were collected from Table II-2-1, 


"Average Locomotive Emission Factors based on Nationwide Statistics" [5]. 
The results were obtained from a report by Hare, C.T. et al. organized by 
locomotive engine category in the United States. This particulate emission 
data was based on highway diesel data since no actual locomotive particulate 
data was available. The sulphur oxide emission factor was based on fuel 
with 0.4 % sulphur. 


Population: The calculations were based on the Jlocomotive-kilometre 
travelled per year and emission factors. The locomotive-kilometre travelled 
per year were obtained from May 1982 to May 1988. Since the emission factor 
used units of kg/1000L of fuel, a value for the average fuel consumption of 
a locomotive had to be found. An estimation was made using the freight-car 
kilometers travelled for the month of March 1988, and the conversion factor 
"one gallon of fuel= 290 ton*mile" [13]. Calculating fuel consumption for a 
freight-car gave a "worst-case" gas consumption rate for locomotives. 


The numbers that were found were for all of Canada, so an estimation was 
made as to what percentage Ontario’s emissions were of the total Canadian 
emissions. In telephone conversations with contacts from VIA Railways and 
Canadian National Railways, it was estimated that between 20% and 40% of the 
railway-traffic was within Ontario [14]. The percentage that was used in 
the calculations was then 30%. 


Sample Calculation 


For March 1988, the all-freight tonne-kilometers were 22,986,067 and the 
total freight-car kilometers were 682,941,511. The fuel consumption was 
then 


Fuel Use = (22,986,067 tonne-km)(0.6214 mile/km)(1 L/0.26417 gal) 
*(1 gal/290 ton-mile)/682,941,511 km 


=, 02 S003i hy kine 
The locomotive-kilometre travelled per year was estimated from year-to-date 
data from various months. The monthly average was then multiplied by 12 for 


the locomotive-kilometers travelled per year. 


For example, 


March 1988: 
year-to-date =O 20 B72 7h69 Sukmaiow 33 mon tits 
monthly =] 920087 7mO9Srkmne/ es months 
= 6.40E08 km / month 
average yearly = yon GEOG seek: Yay e ay: 


= 7.68E09 km travelled for 1988. 


Carbon Monoxide (1988): 

CO = (# kilometers per year)(EF)(Fuel Use)(30 %) 
/}. 68 E0 Isl Gakg/1000lees083003 aby kidometren= x0 20 
1.107£04 tonnes per year. 
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245 Farm Equipment: Calculation Of Emissions And Vehicle Populations 


Emissions: Emissions data was obtained from the EPA manual [5] which was 
based on a report by Hare and Springer. Emissions ratings were obtained for 
1987 only and are assumed constant throughout the lifetime of the equipment. 
It should be noted that sulphur oxides were not measured but were calculated 
from the fuel sulphur content. 


The data from [5] were divided into Tractors and Non-Tractor Farm Machinery 
which were further subdivided into Diesel and Gas categories. The 


percentage of farm equipment which used diesel and gas was given so that the 


emission factor ratings could be adjusted accordingly. For example, 30% of 
tractors used diesel while the other 70% used gasoline. All balers used 
gas, while all forage crop harvesters used diesel. Swathers were not 
subdivided’ #nto fuel (categaries sap worstecase  rigures *were ‘used where 
"worst case" represented the highest emission rate for each pollutant. 
Pull-type combines were 100% gasoline, while self-propelled combines were 
50% diesel and 50% gas. The percentage of combines that were self-propelled 
has grown from 50% in 1971 to almost 80% in 1986 indicating a rise in the 
amount of diesel fuel used. The emission factors were adjusted using 40% 
diesel Fandig@60% dasoline’ tos beweensiscent=witn’=riture® trends” Emission 
ratings for Tractors and Combines were increased by 10% to account for any 


errors in this estimation. 


Population: The total population of Tractors, Combines, Swathers, Balers 
and Forage Crop Harvesters was taken directly from Statistics Canada 
Agriculture Surveys [15]. These data are compiled every 5 years and are 
available from 1961 for most types of equipment. It should be noted that 
the population of all types of Farm Equipment except Tractors showed a 
decreases from clIShe torelSSo, etictinmis thot ta¢counted efor sam ther elmear 
regression and extrapolation to 2002. As well, the 1961 population of 
Balers was ignored in the regression analysis as it did not appear to be 
consistent with recent trends. The population of Balers from 1966 onwards 


showed a slight decrease. 


The amount of time that the equipment was used was estimated to be 300 
hrs/year. This assumed heavy use for 2.5 weeks of the year during harvest 


time. 


Sample Calculations 


Emission ratings for both Tractor and Combines were calculated from the 
data. The example below calculates Carbon Monoxide emissions for Tractors 
which were 70% gas and 30% diesel. 
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CO. EF sea( CO EF gas S057). tae COME Dre ene rauuO) &3s) 
= 6(3380uq/hour *s08/)ete (ole /nours a0 a3) 
= 2414 g/hour 

Increasing by 10% = 2414 g/hour * 1.1 
=2660 g/hour. 


The amount of time the equipment was used in a year was calculated as 
follows. 


Use (16 hrs/day)(7 days/week) (2.5 weeks/year) 


280 hrs/year = 300 hrs/year. 


The total CO emissions for the year were then calculated using 1986 data for 


Carbon Monoxide emissions from Tractors. 


Carbon Monoxide: 

Potala lractoOnSamebhe® use 

18% LoSytuc2 oOsa hound us00Rhrs/ yaaa 
1.49E+11 g/year 


Total Emissions 


Saeae Vessels: Calculation Of Emissions And Vehicle Populations 


Emissions: Inboard powered vessels as defined by the Environmental 
Protection Agency were classified on the basis of use [5]. The three 
classes were commercial, pleasure and military. The commercial vessel 
population and usage data were divided into Great Lakes, river, and coastal 
vessels. All the commercial vessels have similar characteristics such as 
Size, weight, speed, commodities transported, engine design (external and 
internal combustion), fuel used and distance travelled. Great Lakes and 
river emissions data was used in the compilation of emission data for 
commercial vessels. 


Population: Statistics Canada’s Annual Water Transportation Catalogue, 54- 
205,..classifies,.their) vessels by  For-Hire, Canmsens. (Classoals 2 fande Sau 


Private Carriers and Government Carriers [16]. These classes are then 
dividede intomDomests cxotAtVanerc > aPacitacew Ini andswAretic; »Mackenzie; River 


and Internationals 


The Inland class data were used in the compilation of the air emissions for 


vessels for Ontario for all types of vessels. 


Sample Calculation 


Carbon Monoxide (1984): 

CO = fuel use * EF emission factor 
5. O2E 08/0 13 Ka P0008 
7.70E+03 tonnes/year 


Seta Recreational Boats - Outboard Motors: GalctilationsO0fF Limissaons 


and Vehicle Populations 


Emissions: Emissions data was obtained from the Emissions Factor reference, 
Section II-4 [5]. The data were based on tests of four outboard motors 
ranging from 4 to 65 hp. A composite of the results was made based on a 
United States breakdown of outboards by horsepower (I1-4-1). The average 
power produced was quoted from the same source as 9.1 hp. It should be 
noted that emissions from outboard motors are difficult to calculate as most 
have underwater exhaust. 


Population: The total number of households with outboard motor boats for a 
given year was taken from Statistics Canada data [17]. These figures were 
adjusted to obtain total outboard motor boat population according to data 
supplied by the Allied Boating Association of Canada [18]. The Allied 

Boating Association information is based on a 1980 Survey by the Ministry of 
Natural Resources Ontario, which they have updated to 1987. They estimate 
2.3 million recreational boats in Canada; of these, 39% are Ontario boats 
and 45% of those were outboards. There were about 403,000 outboard motor 
boats in Ontario in 1987. This was 1.3 times the number of houses that have 


outboards as quoted by Statistics Canada. This factor was applied to al] 


Statistics Canada data, ensuring a “worst case" figure for total emissions. 


Total hours of use per year were also calculated from information supplied 
by the Allied Boating Association of Canada [18]. Using the same 
percentages as above, (39% Ontario, 45% outboards), it was determined that 
there were 19,305,000 outings/year for Ontario outboards. The average 
length of the outing was estimated to be 1.5 hrs. The total time of the 
outings was divided by the Ontario boat population to obtain the average use 
per year of 70 hrs. This corresponds to an industry estimate of 60-70 


hrs/year. 


Sample Calculation 


The calculation for total number of outboards in Ontario in 1987 according 


to the Allied Boating Association is shown below: 


Total Outboards Ontario = Total Boats Canada * Percent Ontario * 
Percent Outboard 

2 23Es06 tH39Nees5 

403000 


MN 


ul 


The number of households with outboard motor boats in Ontario in 1987 
according to Statistics Canada [17] was 307,000. A factor was then applied 
to all Statistics Canada data to account for houses with morestnansonesboat. 


this factor was calculated as follows: 


Adjustment Factor = Total Outboards / Households with Outboards 
= 403000 / 307000 
= les 


Three steps were used to calculate the total use per year. The first was to 
calculate the percentage of total Canadian outings which applied to Ontario 


outboards. 


at 


Ontario Outboard Outings = Canadian Outings * Percent Ontario * 
Percent Outboard 
SHNIVESCe omiinos/year * .39 * 245 
= 19,305,000 outings/year 


The second step was to convert the number of outings per year to hours used 


in a year. 


Total Boats Hours Used = Outings/Year * Hours/Outing 
19305000 outings/year * 1.5 hrs/outing 


28957500 hrs/year 


Dividing the total hours of use per year for all Ontario outboards by the 


total Ontario outboard population gave the average hours of use per year. 


Use = Use for all boats / Total Ontario Outboard Population 
28957500 hrs/year / 403000 


72 hrs/year 


Total emissions per year can now be calculated. The example below uses 1987 
Ontario data for Carbon Monoxide. Them total ».numbersofm boats was atest 


calculated by applying the adjustment factor to Statistics Canada Data. 


Total Households with Outboards * AF 
403000 * )33 
= 523900 


Total Outboards 


Totalisemissions@= Totale0utber EEmeeAves hpr(hp) "Use 
Se oUUDM 2 olmC/ omen Lahde x eh2cnrs/ year 
85,815 tonnes/year 
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34258 Recreational Boats - Inboards (including inboard/outdrives and 


inboard cruisers): Calcilation “OfmeeEmissvonse Ande Vehicle 


Populations 


Emissions: Emissions Data was taken from the Emissions Factor reference 
section II-3 [5]. The accuracy of this data was rated as being very low by 
the EPA. Most inboard outdrives are powered by automotive gasoline engines. 
Inboard cruisers are powered by a variety of engine types, including gas and 
diesel. Diesel engine emission factors are based on tests of engines from 
Coast Guard vessels. Gasoline emission factors are based on tests of light 
duty vehicles. Both of these emission factors were given in kg/l. Only gas 
emission factors were also given in kg/hour. It was assumed that the rate 
of fuel consumption in gasoline and diesel engines was the same so that the 
ratio of gas to diesel emissions in kg/l was used to calculate diesel 
emissions in kg/hour. Once ratios were found for each type of pollutant 


emitted, worst case figures were used to determine total pollution output. 


Population: Inboard/outdrives and inboard cruisers are grouped together in 
the Statistics Canada data under "Other" (not outboard, canoe, sailboat, 
rowboat or skiff) [17]. Total households is assumed the same as total boats 
as these boats are more expensive. Data from the Allied Boating Association 


was not accurate enough to calculate an adjustment factor for inboards. 


Total hours of use per year was assumed to be 72 hrs; this was the same as 
calculated for outboards. 


Sample Calculations 


Calculating diesel emissions in kg/hour was done in the following way. 
First, a ratio of diese] emissions to gas emissions in kg/] of fuel used was 


made for each pollutant. The example below uses sulphur oxides. 


Sulphur Oxides (Diesel Fuel) = 3.2 kg/] 
Subphurwxides- (GassFuel) = 77. kaon .008) ky nouresd od 


a3 


Next, the ratio of diesel to gas emissions in kg/1] was calculated. 


Ratio Diesel Abas paielsu2ukaiih 7 au. meek 


A one to one fuel consumption ratio was assumed, and the ratio calculated 
above was applied to the emissions factor rating for gasoline engines in 


kg/hour to get the emissions for diesel engines in kg/hour. 


SOX Diesel (kg/hour) = SOX Gas (kg/hour) * Ratio Diesel/Gas 
-008 *ka/houre*\4 2156 
OSSRKGANCUY, OVE oR OAROUr 


Since sulphur oxides from diesel engines are higher than from gas engines, 
the diesel emission rate was used. The assumption would tend to overestimate 
the total emissions from recreational boats. Total grams of pollutant 
emitted was then calculated. In the example below, the emission rate of 
sulphur oxides was determined for 1987. 


Total SOX (tonnes/year) = Total Inboards * Use * SOX emissions 
= 31000 % si 2. nns/ Veauweesc 0 Ahou 
=o COCs cao G7 year 
= 73.7 tonnes/year 


Se2eg Snowblowers: Calculation Of Emissions And Vehicle Populations 
Emissions: The emission “data that was used» for .the. cal.culationsy was 


obtained from Table II-5-1 [5]. The engines described in the table were 
small 2-stroke and 4-stroke, air-cooled, gasoline-powered motors. The 2- 
stroke data was used in the calculations. About 89 % of the 44 million [7] 
engines in this category are used in lawn and garden applications. This 
value was based on an annual usage was 50 hours with a 40 % load factor as 
Stated inet le 
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Population: The data was collected from Statistics Canada [17] for Ontario 
for May 1980, March 1984, and May 1987. The data was not available for any 


intermediate year. 


Sample Calculations 


Carbon Monoxide (1987): 

Gasoline-powered snowblowers, 

Total CO emitted = # units * EF 

527 units * 33400 grams/unit*year 
17.6 tonnes/year 


Cees 8, Lawnmowers: Calculation Of Emissions And Vehicle Populations 


Emissions: The information that was used was the same as that used in the 
calculation of the snowblower emissions since most lawnmowers are gasoline- 
powered and have 2-stroke, smal] general utility engines. The same 
assumptions were used as for the snowblowers. 


Population: The values used were obtained for the same years as for the 
Snowblowers [17]. 


Sample Calculation 


Carbon Monoxide (1987): 

Gasoline-powered lawnmowers, 

Total CO emitted = # of units * EF 

406 units/year * 33,400 grams/unit 
47 tonnes/year 


hs 


See Snowmobiles: Calculation Of Emissions And Vehicle Populations 


Emissions: The emission data was obtained from the EPA reference manual [5] 
The average snowmobile engine displacement was estimated as 362 cm> which 
under normal operating conditions had a fuel consumption of 0.94 gallons per 
hour. On average, the snowmobiles were used 60 hours per year and the 
Sulphur content of the fuel was 0.043% by weight as stated in [5]. 


Population: The snowmobile population was obtained from Statistics Canada 
riyas The number of snowmobiles was calculated by adding the number of 
households with one snowmobile to the number of households with two or more 
snowmobiles (the households with 2 or more snowmobiles were multiplied by 
two). It was assumed that no households would have more than two 


Snowmobiles. 


Sample Calculation 
Carbon Monoxide (1980): 


Total’ COl emitted # offunitse* EF 
360,000 units/year * 58,700 grams/unit 
2.1E04 tonnes/year. 


4.0 AUTOMOTIVE POLLUTION CONTROL SYSTEMS 


403 Pollution Control Mechanisms 


The pollution control systems currently in use in light-duty and heavy-duty 
vehicles are outlined in Table 4.1. A description of each pollution control 
system is given below. Each section discusses the system’s purpose, its 
design, any common design variations or modifications used, and the vehicle 
types in which it is used. 


A a) ee) Oxidation Catalytic Converter 


Purpose: This system removes unburned hydrocarbons and carbon monoxide (CO) 
from the engine’s exhaust gas stream. The mechanism was initially introduced 
in the 1975 model year [19]. 


Design: This system is located between the exhaust manifold of the engine 
and the muffler. The converter has a stainless steel outer shell for 
durability and corrosion resistance. Heat shields and insulating pads are 
needed around the converter due to the high operating temperature of the 
converter shell. This temperature can reach 300°C to, 400°C [19]. 


Two converter designs are currently used, the monolith and the pellet type. 
In both types, the catalyst mix is about 70% platinum and 30% palladium. 
With the monolith design, the catalyst is deposited on a ceramic honeycomb 
matrix contained in the converter shell. A flow diffuser ensures a uniform 
gas flow through the matrix, and a mesh screen surrounding the matrix 


protects the monolith from damage due to mechanical or thermal shocks [19]. 


The pellet type converter has the catalyst deposited on the surface of 
alumina, (Al903). pellets 1/8 tos2/ toss in diameter see linminer convene pages 
pellets are contained between baffles which also direct the exhaust gas flow 
through the catalyst bed. A drain plug in the base of the converter allows 
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the pellets to be removed and replaced. The pellet type system uses a lower 
platinum loading, but it is larger, offers more resistance to exhaust gas 
flow, and is not as durable as the monolith type design. Due to its greater 
thermal inertia, the pellet system takes longer to heat up to reaction 


temperature [19]. 


On the catalytic surface, the hydrocarbon is converted to water (H 70) and 
carbon dtoxtde (COs) tand) the carbon monoxide (CO) 1s econverted™ to C05 by 
oxidation on a catalyst surface; the catalyst efficiency 1s "about o0% Ine 
nitrogen oxides (NO,) contained in the gas stream, however, are not 
affected. These reactions are exothermic so that the converter temperature 
is about 90°C higher than the exhaust gas temperature. The, catalyst 
reactivity 1S low Until the catalyst sped 1eaches boul sco0 Ge. Sixt yanai sis 
required for athe ‘oxidation reactions: “his can cee prow ded= by wran an. 
injection system which pumps air into either the exhaust manifold or the 
converter [19]. 


This is an open-loop catalytic oxidation system which means that there is no 
feedback control of the fuel flow into the carburetor. Concurrent with the 
development of the oxidation catalytic converter modifications, have also 
been made to the engine and its operating parameters in order to optimize 
fuel efficiency, driveability, and emission reductions. These include using 
exhaust gas recirculation (EGR), an air pump or pulse air, and a heated 
intake manifold. Changes to the parameters include using a_ reduced 
compression ratio, retarded spark timing, and a leaner air/fuel ratio. A 


conventional carburetor or mechanical fuel injection can be used [20]. 


Applications: With the current standards for light-duty vehicles, this 
System can only be used for some of the smaller, lightweight, 4-cylinder 
compacts and subcompacts; these account for up to approximately 5% of the 
total passenger car sales [20]. In order to meet 1987 standards larger 
catalyst volumes and increased noble metal loadings are required. This 
system is also applicable to approximately 5% of the light-duty trucks 
population [20]. 
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This technology is only feasible for light heavy-duty gasoline engines 
(HDGE) (GVWR < 14000 1b or 6349 kg); for larger HDGE, the exhaust gas 
temperature overheats the convertor. With heavy-duty diesel engines (HDDE), 
particulate contamination plugs the converter during reduced engine loads 
when the exhaust gas temperatures are low. When the exhaust gas temperature 
increases with increasing engine load, the particulates burn and overheat 
the convertor [14]. 


a’. Fre Three-Way Catalytic Converter 


Purpose: This convertor removes unburned hydrocarbons, CO, and NO, from the 
exhaust gas stream of the engine [20]. The three-way catalytic converter was 
first introduced in 1978 by Ford and General Motors [19]. 


Design: As with the oxidation catalytic converter, this system is located 
between the exhaust manifold and the muffler system. This converter is also 
made of stainless steel, and heat shields and insulation again surround the 
shell. In the front half of the convertor where the exhaust gas first 
enters, the oxidation/reduction catalyst used is a mixture of platinum and 
rhodium on a monolithic substrate. This catalyst simultaneously oxidizes 
the hydrocarbons and CO and reduces the NO,. In the rear half in a second 
catalyst bed, only platinum is used. Thins esecond “halt oxraizesorany 
remaining hydrocarbons and CO left in the gas stream [19]. 


Some systems have an added oxidation catalyst bed located after the three- 
way converter bed. These systems have been shown to have higher NO, and CO 
emissions. In the added oxidation bed, some of the ammonia (NH3) formed in 
the three-way bed is converted back to NO,. As well, the total amount of 
Platinum and Palladium used in this system is approximately the same as that 
in the system consisting of only a three-way catalytic converter. This 
results in a reduced catalyst loading in the catalyst beds. During cold- 
start conditions when the converter is least efficient, this reduced loading 
leads to increased CO emissions.[21] 


as) 


This three-way catalytic converter system requires electronically controlled 
feedback fuel management. This is provided by an electronic control module 
linked to an oxygen sensor in the tail pipe, and a variable air/fuel ratio 
controller. To improve fuel consumption, there may also be: 

electronic control of the spark timing, 

exhaust gas recirculation (EGR), and air injection, 
into the exhaust manifold or converter [20]. 


Applications: This system is required on most passenger cars and light-duty 
trucks. With light trucks, some use an added oxidation catalyst bed to 
further reduce hydrocarbons and carbon monoxide in the exhaust gas.[20] 
This technology is not currently available for heavy-duty gasoline and 
diesel engines since the converter presently cannot withstand the high 
exhaust gas temperatures [4]. 


A: Nees Exhaust Gas Recirculation (EGR 


Purpose: This engine modification is used to control NO, emissions [19]. 
The first EGR systems were added to vehicles in the early 1970's. 


Design: The air/fuel mixture entering the carburetor is diluted with a small 
amount (6-14%) of the exhaust gas recirculated from the exhaust manifold. 
This hot. gas y:reduces’ ‘thems0>5 sand fueleiconcentratioweandyise reduces@ ihe 
maximum temperature that can be attained in the cylinders. Since yr Noy 
formation decreases with decreasing temperature, NO, emissions are reduced. 
However, the maximum engine power decreases and particulate emissions 
increase. EGR is not required during idle, during wide-open throttle, or 
for cold engine conditions.[19] 


To add the EGR system to the engine, the intake manifold has to be 
redesigned to pipe exhaust gases from the exhaust system without using 
external pipes. An EGR valve meters the flow or exhaust gases to the intake 
manifold in response to the intake manifold vacuum [19]. Engine 


modifications may be required to optimize fuel economy. These modifications 
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may include increasing the compression ratio in the cylinders and advancing 
thesspankstaimainGeuie lal. 


Studies have indicated that, in light-duty vehicles, 80% NOx control can be 
achieved with 20% exhaust gas recirculation. However, driveability problems 
will occur above 15% EGR. With the use of electronic EGR control and "fast- 
burn" technology, the maximum EGR rate can be increased to 35% for a 
resultant 95% reduction in NO, emissions without loss of driveability. 
"Fast-burn" reduces the time from spark plug firing to the almost complete 
combustion of the fuel in the cylinders. This is achieved either by adding 
an extra spark plug or by redesigning the combustion cylinder to increase 
the in-cylinder turbulence [21]. 


Applications: This system is used in conjunction with oxidation catalytic 
and tnree-way catalytic systems in light-duty gasoline and diesel engines. 
Mechanical controls can be used in gasoline vehicles, while diesel vehicles 
need the additional precision of electronic controls to decrease fuel 
consumption [20]. 


Heavy-duty gasoline and diesel vehicles also use this system, but it has 
limited application for the diesel vehicles because the recirculated 
particulates increase engine wear and plug the air inlet system. The smoke, 
fuel consumption, and hydrocarbon emissions also increase which adversely 
affects the driveability and durability of these engines. For these diesel 
engines, electronic controls are required to prevent loss of durability and 
driveability [22]. 


aoe Air Injection 


Purpose: Further oxidation of the hydrocarbons ‘and CO in the hot’ gases 
leaving the engine’s exhaust manifold is obtained [19]. 


Design: By adding fresh air into the engine exhaust manifolds or at the 
exhaust ports, the hydrocarbons and CO are further oxidized to H90 and C02. 
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This system consists of either a belt-driven air pump which supplies a high 
volume of low pressure air to the injection system, or aspirator valves 
which use exhaust pressure pulsations to draw air into the exhaust system. 
Air is drawn through a check valve to the exhaust manifold which distributes 
air to tubes where it is directed to the exhaust ports. The one-way check 
valve prevents exhaust gas from flowing back through the aspirator valve or 
air pump [19]. 


Air injection is also required for gasoline vehicles equipped with a 
catalytic converter. The additional air is required for the oxidation 
reactions Woccurring with the “catalyst beds 8 Eleetronicrcontirole of the iar 
injection will improve fuel consumption [19]. 


Applications: An air injection system is standard equipment in all light- 
duty gasoline passenger cars and trucks, and in heavy-duty gasoline vehicles 
[20]. Diesel engines contain enough 09 in the exhaust gases for oxidation 
reactions *tonoccur fcc |e 


Aries Positive Crankcase Ventilation (PCV) 


Purpose: About 20% of the possible hydrocarbon emissions from the 
automobile are fugitive emissions evaporating from the crankcase. Most of 
these emissions are unburned fuel and combustion byproducts which escape 
past the piston rings in the cylinders during the compression and power 
strokes. This system prevents hydrocarbon emissions from escaping from the 
engine’s crankcase into the atmosphere; it also removes the mixture from the 
crankcase area [19]. The first device was installed on vehicles in 196] 
[19]. 


If these products were left in the crankcase, the hydrocarbon vapours could 
dissolve in the crankcase oi] reducing its viscosity and lubricating 
properties, and the vapour build-up could increase the crankcase pressure 


Causing seal leaks. Moisture in the vapours could condense and form a 
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Sludge with the hydrocarbons, soot, and dust; by reacting with the fuel, 
fuel additives, and any products, the moisture could also form acidic 
SOIUtTOHS SUENaS Hosur BY, waNUe snl and HICOs OPIo]”. 


Design: Fresh air to purge the crankcase comes from an inlet hose connected 
to the air cleaner. The other end of the hose enters the crankcase through a 
cap located on top of the rocker arm of the crankcase. Another hose, 
containing the one-way PCV valve, connects the engine’s crankcase to the 
intake manifold. Air flows from the air cleaner through the crankcase into 
the PCV valve line. The vapour mixture is then fed into the intake manifold 
of the carburetor. This completely ventilates the engine and prevents 
crankcase vapours from escaping from the engine to the atmosphere. Fuel 
economy is increased since the unburned hydrocarbons are returned to the 


intake manifold where they are fed into the carburetor [19]. 


Applications: This closed PCV system has been standard equipment on al] 
cars and light-duty trucks since about 1968 [19]. 


Geo Evaporative Emission Control System (EEC) 


Purpose: The EEC system reduces non-exhaust hydrocarbon emissions by 
preventing the escape of gasoline vapours from the fuel tank, carburetor 
vents, carburetor throat, and intake manifold. These vapours account for 20% 
of the hydrocarbon emissions from the vehicle [19]. All domestic vehicles 
had an EEC system starting in 197] [19]. 


Design: The vapours collected from the fuel tank, carburetor vents, 
carburetor throat, and intake manifold are trapped by the EEC system in a 
storage canister containing activated carbon. This canister is located in 
the engine area. Purge air flowing through the charcoal bed removes the 
hydrocarbon molecules. This purge air with the released vapours is then 
directed to’ =the intake "manifold." As well as reducing pollution, the 
vehicle’s fuel economy is increased because the hydrocarbons are returned to 
the carburetor through the intake manifold [19]. 
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On the fuel tank, a special filler cap prevents liquid fuel spillage due to 
gasoline surges in the tank or heat expansion and vapour escape. As well, 
overfill-limiting devices on the tank prevents the complete filling of the 
fuel tank leaving a space inside the fuel tank for fuel expansion. A liquid 
vapour separator is located between the fuel tank and the storage canister. 
This prevents any liquid fuel from the fuel tank from reaching the storage 
canister and overloading its capacity. Carburetor vents on the fuel bowl 
above the carburetor releases vapours from the bowl to prevent pressure 
buildup and flooding of the engine [19]. 


Applications: An EEC system is standard equipment on all gasoline passenger 
cars, light trucks and heavy-duty vehicles [19, 4]. 


ae? Fuel Tank Restrictor 


Purpose: This restrictor prevents leaded gas from being used in vehicles 
equipped with catalytic convertors. These vehicles require unleaded gas 
since lead additives would poison the catalyst surfaces [23]. 


Design: A restriction is placed in the filler tube of the gasoline tank. 
This prevents the entry of the larger leaded fuel nozzles at gasoline 
PAA  detat rons Misfuelling, using leaded gasoline in a catalytic 
converter equipped vehicle, irreversibly destroys the catalyst surface. The 
converter can be completely deactivated by using about ten tankfuls of 
leaded gasoline. Other effects of leaded gasoline include the plugging of 
the converter with lead compounds and the deactivation of the oxygen sensor 
in computer controlled engines. Both of these effects increase the fuel 
consumption. Misfuelling rates of up to 10% for passenger cars and 20% for 
trucks have been observed [19, 23]. 


Applications: This restrictor is present on all vehicles equipped with 
catalytic convertors [19]. 
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18 Particulate Traps 


Purpose: The particulate trap, still under development, is being added to 
diesel cars and trucks to remove particulates from the exhaust gases [22]. 


Design: This trap is located in the exhaust system of the vehicle. The 
particulates are caught in a ceramic matrix where they are then oxidized by 
the hot exhaust gases. One difficulty with the traps is the need to burn 
the particles that are collected so that the trap does not become plugged. 
Plugging of the trap would increase the back pressure in the engine and 
increase the particulate emission levels. The oxidation or combustion rate 
of the particulates must also be controlled so that the trap does not 


overheat. The mechanical durability of the trap is also of concern [24]. 


Applications: Traps are in use in some light-duty diesel engines (LDDE) 
although further development is still occurring since there is evidence of 
mechanical failure at relatively low mileages. For heavy-duty diesel 
engines (HDDE), the traps are not yet technically feasible. The exhaust 
temperature is not hot enough in HDDE to oxidize the trapped particles. As 
well, the higher volumetric exhaust flow requires larger sized traps in 
order to avoid a large back pressure. These traps are still under 
development [25]. 


461.49 Turbocharging and Aftercooling 


Purpose: This system is used with heavy-duty diesel vehicles to control NO, 
and particulate emissions [22]. 


Design: In these engines, a gas turbine, driven by the exhaust gases, is 
used to operate a compressor. This compressor compresses the intake air, 
and so increases the temperature and partial pressure of oxygen in the 
combustion chamber. This is referred to as turbocharging, and it increases 
the engine power and efficiency. Particulate emissions are reduced since 
oxidation of the particulates is enhanced by the high temperature and oxygen 
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partial pressure. This system on its own, however, increases NO, emissions 


since the combustion chamber temperature is increased [4]. 


An aftercooler, located after the compressor of the turbocharger, cools the 
hot intake air before it reaches the engine. This decreases the combustion 
temperature and increases the 0» partial pressure. The final results are a 
reduction of the NO, and particulate emissions as well as an increased power 
output and decreased fuel consumption. The intake air can be cooled using 
either air or the engine cooling water as the heat sink [4]. 


Applications: This combined turbocharger and aftercooling system is present 
on most heavy-duty diesel vehicles [4]. 
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4.2 Vehicle Pollution Control Systems 


The pollution control devices used in each type of vehicle have been 
described in Section 4.1. The following is a description of the complete 


vehicle pollution control system for each vehicle category. 


4°. Zeal Passenger Car - Gasoline 


About 5% of the gasoline passenger cars can use an oxidation catalyst 
system. These are the light-weight, 4-cylinder cars. The rest of the cars, 
however, are equipped with a three-way catalytic converter as well as an 
electronic feedback mechanism to control the fuel feed rate. The engine 
performance may be optimized by using fuel injection timing, and an 
injection pressure mechanism that alters the feed depending on the engine 
load. These electronic controls are currently being developed [26]. 


The vehicles may also utilize electronic controllers to govern the spark 
timing, exhaust gas recirculation (EGR), and the air injection in order to 
improve fuel consumption. These mechanisms are still being perfected. The 
engineers’ goal is to optimize engine performance and reduce emissions 
levels [20]. 


By delaying the ignition spark in gasoline engines, known as spark timing 
retard, the peak temperature and pressure in the combustion chamber are 
reduced. This results in reduced NO, emissions since NO, formation depends 
directly on the temperature and pressure achieved during combustion. The 
EGR is also used for NO, control. By recirculating exhaust gas, the peak 
combustion and temperature is reduced since the gas reduced the partial 
pressure of oxygen in the combustion chamber. Air injection, by pulse air 
mechanisms, is used to provide extra air for the catalytic converter. The 
oxygen in the air is needed to oxidize CO and hydrocarbons; normally there 
would be insufficient oxygen in the exhaust gas [20]. 


Preheating the air/fuel mixture can be accomplished by heating the air 
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intake manifold. This leads to early fuel evaporation, reduced hydrocarbon 
emissions, and reduced CO emissions during cold starts [21]. 


Some systems may nave an added oxidation catalyst bed, but these have been 
shown to have increased CO and NO, emissions [21]. The oxidation catalyst 
bed converts some of the NO, reduced in the three-way catalyst bed back to 
NO,. As well, a system with an added oxidation catalyst bed contains about 
the same total amount of oxidation catalyst as the three-way catalyst bed 
normally would. Consequently, during engine warmup when the catalyst beds 
are cold and the engine has high CO emissions, the combined catalyst system 
would have higher CO emissions than one containing only a three-way catalyst 
bedmi2adr 


In order to optimize the fuel economy, engine durability, vehicle 
driveability, while simultaneously reducing vehicle emissions, other changes 
and additions have to be made to the engine. These include varying the 
air/fuel ratio fed to the combustion chamber to alter the combustion rate 
and peak combustion temperature of the air/fuel mixture. Eris ®@direetly 
affects the emission levels of CO, hydrocarbons, and NO,. Another variable, 
the compression ratio, affects the final pressure in the combustion chamber 
before the mixture is ignited. This determines the mixture temperature and 
peak combustion temperature, and therefore the NO, emissions. The design of 
the combustion chamber or cylinder itself affects the burning rate in the 


cylinders and the fuel efficiency of the engine [20]. 


4. 2eeZ Passenger Cars - Diesel 


Diesel passenger cars account for less than 5% of Canada’s new car sales 
[20]. Exhaust gas recirculation is required for NO, control. These may use 
either mechanical or electronic controls. Efectronie fcontrolse*or the 
injection timing of the fuel, EGR, and fuel feed rate on diesel vehicles are 
currently being perfected. The goal is to optimize engine performance and 
reduce emission levels. Particulate traps are still under development to 


control the particulate emissions [20]. 
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i apepeh ted Light-Duty Trucks - Gasoline 


About 5% of these trucks. can use an oxidation catalyst system, while the 
rest are fitted with either a closed loop three-way catalyst system (40%) or 
a three-way plus oxidation catalyst system (55%). An air pump is used to 
provide additional air to the catalyst bed [20]. 


4.2.4 Heavy-Duty Vehicles - Gasoline 


Exhaust gas recirculation (EGR) is needed to control NO, emissions. Spark 
timing retard, air/fuel enleanment, and air injection are used to optimize 
fuel consumption, driveability, and emission reductions. Manifold and 
combustion chamber redesign, early fuel evaporation through a heated air 


intake, and an automatic choke are other necessary changes [4]. 


For heavy-duty vehicles less than 14000 1b GVWR, oxidation catalytic 
converters are available to control CO and hydrocarbon emissions. For 
heavier vehicles, the converters are neither feasible due to the high 
exhaust gas temperature nor are they required to meet the current standards. 
Three-way catalyst systems are not currently available for any heavy-duty 
weight class division because of the high temperatures involved [22]. 


To control evaporative hydrocarbon emissions, a charcoal bed located in the 
air cleaner and charcoal canisters for fuel tank emissions are used to trap 
the vapour emissions [4]. 


4245 Heavy-Duty Vehicles - Diesel 


For all heavy duty diesel vehicles, NO, emissions are controlled by 
injection timing retard; 
turbocompounding and aftercooling; 
EGR, and 
thermal insulation of the engine. 


Si) 


Catalytic control is difficult due to problems with particulate plugging and 
subsequent overheating. A reduction catalyst is not yet available due to 


durability and design problems [22]. 


In heavy duty diesel engines, a gas turbine, driven by the exhaust gases, is 
used to operate a compressor. This compressor compresses the intake air, 
and so increases the temperature and partial pressure of oxygen in the 
combustion chamber. This is known as turbocharging or turbocompounding. An 
aftercooler, located after the compressor of the turbocharger, cools the hot 
intake air before it reaches the engine. ‘This decreases the combustion 
temperature®andmincreases ‘thesO0>=partiale pressures aie et inal resultseadre™ea 
reduction of the NO, and particulate emissions as wel] as an increased power 


output and decreased fuel consumption [22]: 


Electronic controls for EGR are required so that small amounts of exhaust 
gas can be recirculated without loss of durability and driveability. 
Mechanical controls are not sufficient to improve fuel consumption. 
Currently, EGR has limited use due to particulate wear and plugging of 
engine components [22]. 


Using engine insulation, insulating the exhaust system on heavy-duty diesel 
vehicles, means that the energy ejected from the cylinders leaves directly 
through the exhaust system. This reduces the load on the engine cooling 
system. 


Modifications to the fuel injection system, including changes to the spray 
tip design, combustion chamber shape, and in-cylinder air motion are 
necessary to optimize the fuel economy. As well, changes to the cylinder 
heat inlet port and compression ratio can be used to optimize the fuel 
economy as well [22]. 


Particulate traps to intercept particulates are currently under development. 
The main problem is trap regeneration since the exhaust gas temperature is 
not hot enough to burn the particles caught by the trap. Mechanical trap 


durability is also a concern. As well, larger traps are needed than for 
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light-duty diesel vehicles because of the 
exhaust gases [24, 25]. 


larger volumetric flow of the 


4] 


v0 EFFECT OF TAMPERING ON VEHICLE PERFORMANCE AND OPERATION 


Or 


Tampering 


In 1988, the Ontario Ministry of the Environment conducted an exhaust 
emission surveillance of in-use cars [27]. It found that only 26% of the 
cars sampled passed the standards for hydrocarbon, CO, and NOy. The other 
74% failed one or more of the standards, and about 18% of the vehicles 
failed all three standards [27]. 


The causes of the excessive emissions problem have been identified as being 


due to: 


poor maintenance, 
engine maladjustments, and 


disabled control systems. 


Normally, the emissions should increase slightly with age. However, in a 
test conducted by the California Air Resources Board in 1976, 50% of the 
one-year old cars tested failed inspection tests. This compared with a 3% 
failure rate off the assembly line. The failures were mainly due to 


calibration maladjustments [28]. 
Tampering with emission control systems may take the form of: 


PCV hose rerouting and plugging, 
PCV and disabling EGR valve disabling, and 


control system component removal. 


From the 1985 Motor Vehicle Manufacturer’s Association survey, it was found 
that on an average of 7% of the cars and 15% of the trucks have had their 
catalytic converters removed [29]. 


The tampering rates on passenger cars and light duty trucks for the 
different control systems was also assessed in 1985 by a U.S. EPA survey. 
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These tampering rates are shown in Table 5.1. Overall, 19% of passenger 
cars and 22% of light-duty trucks have undergone some form of tampering. 
Fuel switching was found in 8% and 13% of the passenger cars and light duty 


trucks respectively [28]. 


ate Misfueling 


Misfueling, the practice of using leaded gasoline in a vehicle equipped with 
a catalytic converter, is another major problem with catalyst equipped 
vehicles. In Canada, an average misfueling rate for cars of 12% has been 
observed at gas stations. The rate was in a range of 8% to 35% depending on 
the city. Of the misfueling, 91% was done using a tampered fuel tank 


restricter, 4% used a substituted nozzle, and 3% used slow filling [30]. 


Misfueling is hindered by a fuel inlet restricter placed in the inlet to the 
fuel tank. The larger nozzles used for the leaded gas at the gas stations 
then cannot fit into the fuel inlet. Misfueling can be accomplished by: 


Removing the restricter, 
replacing the leaded fuel nozzle with one meant for unleaded fuel, and 
using a nozzle adaptor [30]. 


The lead in the leaded gas irreversibly poisons the catalyst and plugs the 
converter. It also impairs the oxygen sensor which increases the fuel 
consumption. As a result, misfueling reduces the exhaust system and spark 
plug life, and plugs the EGR valves. 


From a series of U.S. E.P.A. tests, it was found that misfueling affected 
the conversion efficiency of hydrocarbons more than that of NO, and CO [31]. 
The increase in hydrocarbons was mainly in the reactive, non-methane 
fraction (+321%) rather than in the methane fraction (38%). The test found: 
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VABGE D1 
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alr pump 
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overall 19% 22% 


fuel switching 8% NOSE 3 


nearly a 76% loss in hydrocarbon conversion efficiency following the 
use of ten tankfuls of leaded gas, 
a 29% decrease in NO, control, and 


3. 452 decrease an CO contra: 


It is notable that most of the impact of leaded fuel was on the catalyst 
Since the emission levels returned to near baseline levels when new 
catalytic converters were installed. The oxygen sensors were also affected 
and were responsible for most of the remaining loss [31]. 


With frequent or intermittent misfueling, similar increases in the emission 
rates are found. Most of the catalyst deactivation occurred within the 
first four tankfuls of leaded fuel [31]. 


me} Changes in Vehicle Performance and Operation 


A series of tests were performed by the U.S. E.P.A. in order to determine 
the effect of single component disablement on hydrocarbon, CO, and NO, 
emissions. The resulting effects are shown in Table 5.2. Generally, the 
effect on fuel consumption was negligible. When more than one component was 
disabled at a time, it was found that the effects on the emissions were not 
additive. The emission rate could not be predicted knowing the emission 
increase due to each component disabled [32]. 


The effects of malfunctions on fuel consumption due to improper maintenance, 
engine maladjustment, and tampering are shown in Table 5.3. A fuel economy 
decrease, or a fuel consumption increase, of up to 15% has been observed. 
This was usually accompanied by an increase in the hydrocarbon and CO 
emissions [28]. 


When vehicles are equipped with catalytic converters, the engine and exhaust 
system durability is increased. This is a result of the use of the unleaded 
fuels and the stainless steel in the exhaust system. Reduced engine 
maintenance should result since there will be less exhaust system corrosion, 
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and less fouling and corrosion of the engines and spark plugs. However, the 
increased complexity of the control systems may increase the maintenance 
costs [201]. 


The manufacturers optimize fuel economy, emissions, and performance so no 


engine adjustments are necessary. Removal or disablement of any component. 


would cause a deterioration in the vehicles’ fuel economy and performance as 


well as increasing the emissions [20]. 
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6.0 TRENDS IN MOTOR VEHICLE POLLUTION CONTROL SYSTEMS 


The pollution control systems previously described presented the current 
technology required to meet the regulated emission standards. Evolution of 
the systems continues, however, as the regulations governing emissions 
become more stringent and as the manufacturers’ gain more experience with 
the systems’ durability, performance, and cost. The current trends in the 
research and development of pollution control systems for each type of 
vehicle will now be outlined. 


bi Light-Duty Vehicles - Gasoline 


The main research for light-duty gasoline vehicles is in the continued 
development of electronic controls for EGR and engine operating parameters 
such as air injection and fuel feed rate. Secondary air addition may no 
longer be required since the electronic EGR control provides better air/fuel 
ratio control. Mechanical EGR control will be phased out [21]. 


Changes to the engine design include the development of ‘fast-burn’ 
combustion chambers, and the replacement of carburetors with mechanically or 
electronically controlled fuel injection. ‘’Fast-burn’ chambers reduce the 
time between the spark plug firing and the complete combustion of the fuel. 
This is accomplished by either increased combustion chamber turbulence or 
addition of more spark plugs [21]. 


Another change occurring to the engine is the development of early fuel 
evaporation systems to reduce cold start hydrocarbon and CO emissions. With 
a warm intake manifold, fuel vaporization is improved and the air/fuel 
mixture does not have to) be vas) rich to obtain a combustible ‘air/fuel 
mixture. Two methods are being developed. The first method is to direct 
the exhaust gas by the intake manifold to reduce the intake warmup time. 
This method’s usefulness is limited by the thermal inertia of the manifold. 
The second is to install electrical resistance heating in the intake 
manifold. The heater is a grid mounted directly under the carburetor which 
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is used to heat the manifold during cold starts and warmup [21]. 


There are no major changes expected in catalyst technology. Only two 
modifications are occurring. The first is the discontinuation of the added 
oxidation catalyst bed with the three-way catalytic converter. This system 
has been found to have increased NO, and CO emissions compared with a three- 
way catalytic converter. The second modification is the use of a warmup 
catalyst bed used to reduce cold start emissions. This bed, located close 
to the exhaust manifold outlet to minimize heat loss, is sized only to 
handle the exhaust flow during warmup. A monolithic bed design is used to 
reduce the warmup time by minimizing the effects of thermal inertia [21]. 


It is notable that Ford has recently announced a substitute for platinum in 
catalytic converters. The cost saving to the consumer is unknown at this 
time [33]. 


Orz Light-Duty Vehicles - Diesel 


For light-duty diesel vehicles, the two main trends are the further 
development of electronic EGR control and particulate traps. The problems 
still to be solved with the traps are the traps’ mechanical] durability and 
their plugging with particulates [25]. 


63 Heavy-Duty Vehicles - Gasoline 


The main research for heavy-duty gasoline vehicles is in the area of 
electronic control of EGR, ignition timing, and air/fuel ratio. . The 
durability problems with the oxidation catalytic converters are still to be 
solved. Three-way catalytic converter systems cannot withstand the high 
exhaust temperature of the gas [4,22]. 
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6.4 Heavy-Duty Vehicles - Diesel 


Most of the automotive research seems to be occurring with heavy-duty diesel 
engines since these have the most problems meeting the current regulations. 
Electronic control of EGR, variable fuel injection timing systems, and fuel 
feed rate are currently under development. The goals are to lower NO, and 
particulate emissions while also reducing fuel consumption. Mechanical 
controls have been found to be inadequate to meet these goals [4]. 


With particulate traps, the two main problems hampering their development 
are their durability and their apility to be regenerated. These traps must 
be more durable than those used for light-duty diesel vehicles (LDDV) since 
heavy-duty diesel vehicles (HDDV) have a longer useful life [22]. 


Particulate traps for HDDV’s must be larger than-those for LDDV’s to avoid a 
high back pressure since the exhaust flow rate is higher. The higher 
exhaust volume and mass flow rate leads to increased particulate levels in 
the exhaust and a greater plugging problem. Especially if the engine is 
turbocharged, the exhaust gas is usually not hot enough to oxidize the 
particles [25]. 


The three designs of particulate traps currently being developed are a 
ceramic monolith, a ceramic fibre, and a catalytic radial flow wire mesh 
design. The monolith design consists of a matrix of open and closed cells. 
The particulates are.collected as the exhaust gas flows through the cells. 
The back pressure, however, increases rapidly with particulate loading due 
to the clogging of the trap with ash. These traps do have a high-trapping 
efficiency and are tolerant to temperature variations [25]. 


The ceramic fibre design consists of cylinders whose walls are strands of 
crosswound silica-fibre yarn. These cylinders are packed in a canister and 
the exhaust gases must flow through their walls. Again plugging with 
noncombustible particulates leads to an increased back pressure [25]. 


The third design, the catalytic radial flow wire mesh, are cylinders made of 
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layers of knit stainless steel mesh which are catalyst coated. The density 
of the mesh increases towards the centre of the cylinder. This design is not 
susceptible to thermal cracking, but it has a lower collection efficiency 


and causes increased sulphate emissions [25]. 


The two type of regeneration systems being considered are self-regeneration : 


which would occur during normal vehicle operation and positive regeneration 
which would occur at set intervals. In both cases, the particulates are 
oxidized or burned in an oxygen rich environment. The air flow also keeps 
the trap from becoming too hot. With the self-regeneration system, without 
catalysts, the ignition temperature of the particulates is about 500 to 
600 C. With catalysts; this temperature can be as low as 200 C. Catalytic 
fuel additives or catalytic coatings being researched are _ usually 
organometallics containing copper, lead, calcium, or manganese. One problem 


Gnates Dl PROGEM se) Sete Wl UuGgIMoROre thest raps jbycthe: additives. [25]:. 


With positive regeneration, the particulate trap is heated at set intervals 
to oxidize the particulates. This is accomplished by: 


using a diesel oi] burner, 

electrical heating, 

catalyst Winjectiony mito’ the?’fexhaust ‘stream® to lower the*ignation 
temperature, or 


hydrocarbon and CO oxidation to increase the trap temperature [25]. 


Research is also being conducted to overcome the problems of plugging and 
overheating of the oxidation catalytic converters. Three-way catalyst 
systems are not yet available due to the design and durability problems 
experienced with the reduction section [22]. 


Modifications to the diesel fuel are being advocated by some manufacturers 
such as Mercedes Benz. A decreased sulphur content in the diesel fuel would 
reduce the plugging of the particulate traps by noncombustible sulphur 
products. Fuel additives containing catalysts are also being researched as 
a means of aiding the oxidation of the particulates in the traps [22]. 
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Simple retarded injection timing is being phased out since fuel usage, 
particulate matter emissions, and hydrocarbon emissions increase. As well, 
more advanced and effective NO, control systems are available. Improvements 


to the turbocharger and aftercooler systems are still being developed [22]. 


Some research has been conducted on injecting water into the diesel fuel to 
form an emulsion. This has been found to reduce NO, emissions since the 
peak combustion temperature is lowered. Little change in hydrocarbon and 
particulate emissions or fuel usage occurs. However, problems with this 
system include reduced engine durability, increased engine complexity, and 
water storage problems [22]. 
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7.0 ALTERNATIVE FUELS 
There are four main factors driving the alternative fuels market; these are: 


economy, 
supply 
security, and 
emissions. 


The two main alternative fuels being studied are natural gas and propane. 
Both are inexpensive, are under North American control, and are readily 
available. Carbon dioxide, nitrogen oxides and hydrocarbons emissions are 


substantially reduced from these fuels relative to gasoline [34]. 


The main thrust of work with natural gas and propane is for use in diesel 
engines. Diesel engines use compression to ignite the fuel. Since neither 
propane nor natural gas will ignite this way, they must be combined with 
diesel fuel. Work is currently being done to change the diesel engine so 
that spark plugs could be used, eliminating the need for diesel additives in 
the natural gas or propane [34]. 


Since conversion to alternate fuels is very expensive, it is considered 
useful only in special situations. Prototype buses running on natural gas 
are scheduled to appear soon in the Mississauga area. It is hoped that these 
buses will take over the Toronto market currently occupied by electric 
trolleys. The cost of conversion to natural gas was approximately ten 
thousand dollars; the payback period was expected to be short less than 1] 
year [35]. 


All cars in the present fleet that run on natural gas or propane have been 
converted from gasoline engines. Since these engines were optimized to run 
on gasoline with minimum emissions, the emission reductions are negligible. 
Currently work is being done on an electronic fuel injection system that 
will accept alternative fuels; it will make any necessary compensations so 
that the engine will run optimally [34]. 
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Other alternative fuels being studied are methanol, ethanol, and hydrogen. 
Although the first two fuels are currently used as octane boosters, they are 
too expensive for large scale use. Methanol is not only more expensive per 
litres buteeiterelso seontainsmenewer soi Wece pee Mare Ecomminaionemmin caps 
required. Mass conversion to ethanol, derived from corn husks, would cause 
a major shift in agriculture from food production to fuel production. This 
not considered to be a positive step considering the growing world 
population and smaller percentage of farm land [34]. 


Hydrogen, on the other hand, is considered by many to be the ideal fuel 
[35]. It is inexpensive, readily available, and virtually pollution free. 
The main problem with it is the lack of available technology for storage and 
handling. Hydrogen, the smallest known molecule, can penetrate metal and is 
therefore difficult to contain or control by the use of valves. Keeping it 
in a liquid form requires temperatures less than -200 °C. Technology will 
not be available to handle this fuel for at least another 15 to 20 years. A 
non-polluting fuel cell which can use either methanol or hydrogen is 
currently being researched for industrial use. It may prove promising for 


the transportation sector [35]. 


Su 


8.0 THE MARKET INFLUENCE ON POLLUTION CONTROL SYSTEMS 


Many factors influence manufacturers decision either to produce a vehicle 
model specifically for a Canadian market or to sell a model in Canada which 


meets the United States pollution control standards. These factors include: 


the cost of compliance, 

the market share of the manufacturer, 

the stringency of the standards, and 

the technical feasibility of meeting the standards. 


Since the Canadian market is much smaller than that of the United States, 
economic decisions will be of major importance. The automotive 
manufacturing industry has stated that for car or truck models whose annual 
Sales are less than a few thousand, it may be more cost effective to instal] 
a US federal or California emissions control system than to develop a unique 
Canadian calibration. The US system would already have been certified for 
the US standards which are currently the same as those in Canada [36]. 


No new technology needs to be developed by North American manufacturers 
Since the necessary systems to meet the emission standards are on all cars 
sold in the United States. However, 28% of the cars sold in Canada are 
manufactured by overseas or offshore firms. The rest of the vehicles sold 
are made either in the United States, 54%, or in Canada, 18% [20]. 


Some of these overseas manufacturers, such as Suzuki, Lada, Dacia, Skoda, 
andeiinnocent i,etdommot ese lime tiene venicies int theUnited States «a, As wa 
result, they do not have vehicles which comply with the United States 
emission standards. The cost of developing and certifying emission control 
systems for Canada has to be recovered on their relatively low sales volume; 
their costs of compliance are then higher than for North American 
manufacturers. These costs will either be added to the retail cost of the 
vehicles which would decrease the vehicles’ price advantage or the costs 
will be absorbed by the manufacturers which would lower their profits. The 


net effect, in either case, would be a weakened competitive position and, 


possibly, a shift in market sales to the North American manufacturers [20]. 


The additional costs incurred to produce a Canadian system include research 
and’ "deVelopment. Costs, LOG ING) “COSUS, sean Cerin t TUdu) Ol COs man 
Certification costs are about $250,000 per engine family or emission control 
system configuration [36]. 


However, any incentive to produce a unique Canadian system is reduced since 
the Canadian and US standards for passenger cars and light duty trucks are 
now the same. Past experience in the United States, where the US 49-state 
standards have lagged the California standards by only a few years, has 
Shown that any market perturbations are short-lived. Basically, the only 
difference is in the control system calibration. The hardware is 
essentially the same throughout the United States [37]. 


As well, pollution control systems are expected to continually evolve as 
regulations become more stringent and as more knowledge is gained on the 
cost, durability, and performance of the control systems [38]. 


If, at any time, the Canadian standards are made more stringent than those 
of the United States (except possibly California), manufacturers may decide 
not to develop a model with a unique Canadian calibration. The main reason 
is again the small Canadian market size relative to that of the United 
States. Consequently, model availability would be reduced. However, if a 
California system has been certified for the same or more stringent 
standards, that may be offered [20]. 


Another*factor, whiche nas. SO tam. Only atirected dieseimecar mms des ai neine 
United States, has been the technical feasibility of meeting any proposed 
standards. If the technology is unavailable or is still being developed, 
models may again be withdrawn from the market either permanently or until a 


technical solution has been found. 
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9.0 PROJECTED COSTS OF POLLUTION CONTROL EQUIPMENT 
ee Method 


In order to determine the cost effectiveness of the various possible control 
options for light and heavy duty gasoline and diesel vehicles, it was 
necessary to determine the future costs of each control option per tonne of 
pollutant reduction. Once these were available for the different options, 
comparisons could be made to determine the most effective control option. 


The first step necessary in this analysis was to estimate the future vehicle 
populations and the expected pollutant emission levels. The pollutants 
emission level of a base case in which no additional pollution control 
equipment was added was also required. This allowed the calculation of the 
reduction in pollutant level caused by the additional control equipment. 


Next, the cost to the consumer or the retail price equivalent (RPE) ° 


necessary to upgrade light and heavy duty vehicles to meet the proposed 
emission standards was needed. The retail price equivalent is the cost, at 
the retail level, of the pollution control system. These values were found 
from various sources, and they are tabulated in Table 9.1. 


Table 9.2 outlines the relative usage of the various control systems on 
light duty vehicles before and after the 1987 standards were implemented. 


Once the costs were determined per vehicle and knowing the vehicle 
populations, estimates of the total future costs for the options could be 
calculated. As well, the present value of the costs was found using a 10% 
discount rate. The final step was then to calculate the cost of the 
pollution control options per tonne of pollutant reduction. Al] the costs 
in the following analysis are in 1987 canadian dollars unless otherwise 
stated. 
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9.2 Light Duty Vehicles - Gasoline 
2 ae Population Projections 


The total population of passenger cars and light trucks was obtained from 
Statistics Canada for the four years 1984 to 1987. Linear regression was 
used to extrapolate for the total populations for 1988 to 2002. 


For passenger cars alone, the number of model year cars for 1984 to 1987 was 
obtained from the Registrant/Plate/Vehicle Population Statistics as of 
December 31, 1987 produced by the Ontario Ministry of Transportation. [1] 
The number of model year cars was the total registered vehicles per model 
year minus the number of out-of-province vehicles. Again a linear 


regression was used to provide population estimates for 1988 to 2000. 


For Tight duty trucks, the number of model year vehicles was again obtained 
from the Registrant/Plate/Vehicle Population Statistics.[1] In this case, 
the number of vans and light trucks in the commercial vehicle class was used 
for the years 1984 to 1987. The fraction of passenger vehicles (3%) that 
were trucks and vans was ignored. Again a linear regression provided the 
population statistics for 1988 to 2000. 


The total and model year populations of passenger cars and light duty trucks 
are listed in Tables 9.3 and 9.4. These estimates were provided previously 
Teel 


Say pare Manufacturing versus Retail Costs 


Components of the retail price for motor vehicles have been studied by the 
EPA and were reported in the Transport Canada report. As shown in Table 
9.5, about 60% of the retail price of a passenger car is the manufacturer’s 
cost. The other 40% is due to manufacturer’s and dealer’s markups, federal 
sales tax, and research and development expenses [20]. 
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TABLEW9~.5 
RETAIL PRICE COMPONENTS [20] 


Percentage of Total 
Component Retail Cost 


Plant manufacturing cost 


= materials S144 

ot) stole eb hs 9.4/6 

Seo lant rOvemiledd 350 
Sub Coca i: 44.8 
Component vendor markup iOhes S 
Tooling expense 2.4 
Assembly, engine and body 

modifications 20 
Total vehicle manufacturers’ cost: 60.0 
Vehicle manufacturer markup oes 
Federal sales tax G46 
Dealer markup 1 hae aes 
Standard R&D contribution 5. 8 


A ila os i le 100.0 


9.2.3 Vehicle Costs 


For. passenger: Case and iImgnteditty trucks, tnyee cases were considered when 
the costs to control NO,, CO, and hydrocarbon emissions were analyzed. Case 
A modelled the effect of the 1987 standards on the pollution control systems 
required and the resulting annual emission levels of the pollutant. Case B 
modelled the effect of one possible future control option. In this case, 
the emission reduction and control equipment cost were estimated based on 
present emission rates and costs. Case C was the base case in which the 1987 
standards were never implemented so that no additional control] equipment was 


required. This option was assumed to have no associated cost. 
Oe eS oe Nitrogen Oxides (NO,) 


For passenger cars in Case A, it was estimated that, for 1988 model year 
cars and future vehicles, 85% of the model year cars would need an added 
three-way catalytic converter to meet the 1987 standard for NO, emissions 
[20]. Based on estimates from various sources, about 15% of the model year 
cars were found to have a three-way converter already in place. These 15% 
were therefore not included in the cost projections for the pollution 


contro!) devyocess 


From the Transport Canada analysis of the effect of the 1987 emission 
Standards on light duty vehicles, values for the manufacturer and retail 
costs of $170 and $289 per vehicle was obtained in 1985 Canadian dollars 
[20]. To obtain the values in 1987 Canadian dollars, the all-item consumer 
price index, calculated by Statistics Canada, for 1985 (129.5) and 1987 
(140.4) was used. These costs were then $184 and $313 respectively. The 
ratio of manufacturing to retail cost was 0.59 which substantiated the ratio 
of 0.6 calculated by the EPA as shown earlier. 


For Case B, an exXtrancost of sp0ON0198/ 3 Cane perm catabytic: converter was 
added to the retail cost of the passenger cars and light duty trucks 
starting in 1990. This extra cost was for additional rhodium required in 
the converter to meet a NO, emission standard of 0.4 g/mile. This cost 


a 


would be applied to all passenger cars and light duty trucks. For passenger 
cars, 85% would then have a retail cost of $414 ($313 + $100) per vehicle in 
1990 onwards while the other 15% would have an added catalyst cost of only 
$100. 


From the Transport Canada analysis, 88% of the model year light duty trucks 
were found to require additional pollution control equipment at a retail 
cost of $248 per vehicle for Case A [20]. For Case B, the cost for these 88% 
of the light duty trucks would be $348 ($248 + $100) per vehicle to account 
for the added rhodium. For the other 12%, an added cost of $100 per vehicle 
would be included in the analysis. 


2s ae Hydrocarbons and Carbon Monoxide (CO) 


As for the NO, emissions case considered above, Case A assumed that 1988 
model year cars and future vehicles would all use the three-way catalyst 
system. Consequently, 85% of the model year vehicles would need to add a 
three-way catalytic converter at a cost of $313 per vehicle (1987 $ Can). 


For Case B, it was assumed that additional CO and hydrocarbon control would 
be obtained by adding on an early fuel evaporation system (preheater) and a 
warmup catalytic converter. Both of these would only operate during the 
first three to five minutes of vehicle use while the car or truck was 
warming up. Their function would be to reduce hydrocarbon and CO emissions 
during the time when the main catalytic converter was not yet at its optimum 
operating temperature. 


For this combined preheater and warmup catalyst system, the additional 
equipment cost was estimated to be $280 (1987 $ Can). These devices would 
be added to all of the vehicles in 1991. The total equipment cost per 
vehicle effective in 1991 would then be $528 (1987 $ Can). 


The annual capital costs for Case A and Case B for passenger cars and light 
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duty trucks are also given in Tables 9.2 and 9.4. These are the costs of 
the various options for the control of NO,, CO, and hydrocarbons. 


9.2.4 Operating Costs 


The addition of catalytic converters to light duty gasoline passenger cars 
and trucks should have a negligible effect on the fuel consumption. Engine 
modifications and addition of electronic controls have previously been able 
to limit any increases in the fuel consumption. Further modifications and 
expansion of the electronic engine controls should still be possible. [20] 


Maintenance costs should also be unaffected. The use of stainless steel 
components in the exhaust system would increase its durability, while the 
use of unleaded fuels would result in reduced engine and exhaust system 
corrosion and spark plug wear. The net result would be decreased 
maintenance costs. However, the increased complexity of the engine computer 
controls may reduce these benefits due to increased maintenance complexity 
(e-Oalie 


Oe 7a Projected Emission Reductions 
9.2251 NO, 


To find the NO, emission reductions due to the different control options 
adopted, the projected NO, emissions for the three cases were calculated. 
For Case A, three-way catalytic converters were in place on all passenger 
cars and light duty trucks; they reduced the NO, emissions by 80% compared 
to an uncontrolled vehicle. This modelled the effect of the standards 
adopted in 1987. 


For Case B, three-way catalytic converters were in place in all vehicles 
starting with the 1987 model year vehicles as for Case A. In 1990, extra 
rhodium would be added to reduce the NO, emission rate to an average of 0.4 


50 


g/mile. 


For Case’ Ci* the catalytic-converters were in place “in only 15% of the 
vehicles in the future. This case modelled the effect of not implementing 
the 1987 emission standards for NO,. 

The reduction in NO, emissions compared with the base case C was then the 
difference in emission levels predicted by these Case A and Case B and that 
of Case C. The projected NO, emission reductions for Case A and Case B are 
given in Table 9.6. 


9.2.5.2 Hydrocarbons and Carbon Monoxide (CO) 


For hydrocarbons and CO, Case A again modelled the effect of the 1987 
Standards. Prior to 1988, 15% of the vehicles would not have any catalytic 
control. These vehicles would then have reduced CO and hydrocarbon emission 
rates (90% for CO and hydrocarbons) when the three-way catalytic converters 
were added. Upgrading any cars with oxidation catalytic systems to the 
three-way catalytic system would only have a negligible effect on 
hydrocarbon and CO emission rates. 


In the second case, Case B, it was assumed that the early fuel evaporation 
system and the warmup catalytic converter were in place on 100% of the cars 
starting with the 1991 model year. An average emissions rate of CO and 


hydrocarbons in g/mile for the vehicles was then required. 


It was calculated that the average trip length was 25 minutes [40]; the car 
would be warming up for 5 minutes of this time. As well, the CO and 
hydrocarbon emissions were estimated to be 1.5 times higher during warmup 
than during later vehicle operation. These warmup emissions were then 
reduced 30% by the preheater and 45% by the catalytic converter [38]. 
Adjusted average CO and hydrocarbon emission rates could then be calculated. 
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TABLE, 9:6 


PROJECTED EMISSIONS REDUCTION FOR NOx FROM LIGHT DUTY GASOLINE VEHICLES 


Projected NOx Emissions NOx Reduction (tonne/year) 

Case A Case B Case C Case Case 
(tonne/year) (tonne/ year) (tonne/ year) C-A C-B 
131,947 131,947 131,947 0 0 
4 2esiis Wl hye! 142,373 0 0 
148,607 148,607 148,607 0 0 
154,138 154,138 154,138 0 0 
144,847 144,847 162,455 Tp AO NI SO)/ 
V2 Aey7'S 127,675 169,759 42,084 42,084 
V5).276 Hiep Ze AH AOS Y/ ela eh fash, f5Ia) 
102,760 97 947 184,315 iP S55 coos 
91,873 Ser/0 191,593 99,720 108,424 
85,728 2. KEYG 198,871 besa) as 7S 
80,915 62,047 206,149 125,234 7447102 
77,474 54,324 oe 135) OS seo nOs 
Seo Si 48,595 220,705 aA SAR 2 ano 
71,302 39,999 227 ,983 156,681 187,984 
73,589 39,048 235,288 161,699 196,240 
74,264 36,049 242,566 168,301 206,517 
78,146 37,130 249 , 844 D7 AR6S7e 2120714 
80,425 SSicael AW | WX 176,697 218,911 
82,704 39,292 264,400 18696 225" 108 


Predictions are based on the assumption that the three-way catalytic 
converters (used on 100% of the new cars) decrease the NOx emissions by 80%. 


Predictions are the same as for Case A until 1990 when an average 
NOx emission rate of 0.4 g/mile is achieved. 


Predictions are based on the assumption that the NOx emission 
standards remain unchanged from the pre-1988 levels. 


The third case, Case C, was the base case in which the 1987 standards were 
never implemented. In this case, oxidation and three-way catalytic 
converters to control hydrocarbons and CO were in place on only 85% of the 


vehicles. 


The emission reduction for hydrocarbons and CO for the first Case A and 
Case B was then the difference between their respective annual emission 
levels and the base case. These reductions in hydrocarbon and CO emission 
levels are given in Tables 9.7 and 9.8. 


2 ea Projected Costs of Emission Reductions 
927.621 NO, 


For Case A and Case B, the projected total annual retail cost was the sum of 
the total retail costs for the passenger cars and the light duty trucks. An 
analysis period of fourteen years, 1988 to 2002, was chosen. In twelve 
years, the fleet is assumed to undergo complete renewal so that in the year 
2002 the last of the 1991 vehicles in the Case B fleet would be retired. In 
this analysis, the present value of the costs was used; it was calculated 
using a 10% discount rate and 1987 as the base year. The total present 
value over the fourteen year period was $1209 million for Case A and $1569 
million for Case B (1987 $ Can). 


To determine present values, each model year vehicle costs were multiplied 
by the factor 1/(l+r)*(i - 1987.5) where r was the discount rate of 10% and 
i was the model year. The model year vehicle costs were split equally betwen 
the model year and the previous calendar year [20]. 


To determine the cost of the NO, emission reductions in Case A, two options 
were considered. In the first instance, it was assumed that the cost of the 
pollution control device was distributed evenly between the NO,, CO, and 
hydrocarbon control. One-third of the present value of total cost of the 


added pollution control equipment was divided by the total predicted NO, 
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TABLE 9.7 
PROJECTED EMISSIONS REDUCTION FOR HYDROCARBONS FROM LIGHT DUTY GASOLINE VEHICLES 


Hydrocarbon Reduction 


Projected Hydrocarbon Emissions (tonne/year ) 

Case A Case B Case C Case Case 
Year (tonne/ year) (tonne/year) (tonne/year) A-C B-C 
1984 87, 802 87,802 87,802 0 0 
1985 94,775 94,775 94,775 0 0 
1986 98,936 98,936 98,936 0 0 
1987 102,604 102,604 102,604 0 0 
1988 99,615 99,615 i 2ee OG 12,491 12,491 
1989 97,868 97 , 868 113,034 15,166 15,166 
1990 95,366 94,170 117,890 22,524 23,720 
1991 92,225 89,884 122,744 30,519 32,860 
1992 89,232 85,319 Wear stsisye! 38,367 42,279 
1993 88,015 82,233 132,454 44,439 50.221 
1994 87,165 79,432 137,308 50,143 57,876 
1995 86,806 77,466 142,163 Sey ele 64,697 
1996 BV, SV 76,468 147,018 59,661 708,55 
1997 85,886 73,544 Wop ates7/2 65,986 78,328 
1998 88,644 Ud, NOV 156,745 68,101 81,638 
1999 91,370 Ish S\aye 158,206 66,837 82,254 
2000 O47 117 189205 166,455 Zoo 88,220 
2001 96,863 80,518 171,309 74,446 90,791 
2002 99,610 82,802 16,264 ; 76,554 Qe) cla 


Case A: Predictions are based on the the 1987 standards; the main change 
is in the use of catalytic converters in 15% of the cars which had no previous 
catalytic control. 


Case B: Predictions are based on the assumption that the early fuel evaporation 
system and the warm-up catalytic converter are in place on 100% of the cars 
as of the 1991-1992 model year. 


Case C: Predictions are based on the assumption that the hydrocarbon 
emission levels remain unchanged from the pre-1987 levels. 


TABLE 9.8 


PROJECTED EMISSIONS REDUCTION FOR CO FROM LIGHT DUTY GASOLINE VEHICLES 


CO Reduction 


Projected CO Emissions (tonne/year) 


Case A Case B Case C Case Case 
Year (tonne/year) (tonne/ year) (tonne/ year) A-C B-C 
1984 1,039,744 1,039,744 1,039,744 0 0 
1985 iL ae Sal lee no lel Wella doula 0 0 
1986 1,171,967 Una Ny! We] ee S67 0 0 
1987 2 US 319 Ib aralisy, Sue, 1h Pay ShIRS 0 0 
1988 ibs (AES ac: Sz iP ZAGHb 62 Wad acts: 108,252 108,252 
1989 1,202,669 1,202,669 lees oe 27 136,458 136,458 
1990 1,163,256 1,154,879 1,396,713 233,458 241,835 
1991 b103ei95 1,084,621 1,454,300 SHoil MOS 369,679 
1992 1,036,231 1,003,393 1 Shle ess 475,654 508 , 493 
1993 993,416 942,429 1,569,472 576,056 627,043 
1994 953,025 882,348 Oc MOSS 674,033 TEL 10 
1995 918,889 832,143 1,684,644 Lose 55 852501) 
1996 900,833 798,282 isencao 841,397 943,948 
1997 Oise 120 795,674 1,799,816 886,697 1,004,143 
1998 942,309 812,646 ih tells (ys) 915,314 1,044,978 
1999 971,411 834,664 872,615 901,203 1,037,950 
2000 1,000,514 859,636 1,972,796 972,282 sD alnlishy, exo, 
2001 1,029,616 884,607 2,030,382 1,000,766 sh IES: 
2002 1,058,719 909,578 2,087 ,968 1,029,249 I is, SO 

Case A: Predictions are based on the the 1987 standards; the main change 


is in the use of catalytic converters in 15% of the cars which had no previous 
catalytic contro}. 


Case B: Predictions are based on the assumption that the early fuel evaporation 
system and the warm-up catalytic converter are in place on 100% of the cars 
as of the 1991-1992 model year. 


Case C: Predictions are based on the assumption that the CO emission 
levels remain unchanged from the pre-1987 levels. 


emission reductions to get a value in dollars per tonne of NO, reduction. 
This value was $305 (1987 $ Can) per tonne of NO, reduced for Case A. 


In: the: second case. tt was sassumea that the 75,:0f the cost 0; sthe pollution 
control systems could be attributed to NO, reduction. The present value was 
multiplied by 0.75 and divided by the total predicted NO, emission 
reductions to get a value of $693 (1987 $ Can) per tonne of NO, reduced for 
Case A. In these two options, the effect of the control equipment on the 


NO, is, in turn, minimized or maximized. 


In Case B, all of the additional retail cost of $360 million is attributed 
to NOY Gcontmoll, “asuernis was ‘themonly emissionepearameter oar tected. tae.) the 
rhodium catalyst is used to bring NO, emission below the 0.4 g/VMT level). 
Adding thiseto the 75%;0r 33% of the cost ofsCase A gives the total cost for 
NO, control for Case B. This cost of NO, control is $838 or $505 per tonne 
of NO, removed (1987 $ Can) respectively. 


The marginal cost of the additional NO, control obtained in Case B compared 
to Case A was $1777 per tonne of NO, removed. These costs are outlined in 
Table 9293 


9.2.6.2 Hydrocarbons and Carbon Monoxide (CO) 


For Case A and Case B, in the period 1988 to 2002, the total present value 
of the cost to control hydrocarbons and CO: forneGase Av-ands Case B were 
estimated to be $1209 million (1987 $ Can) and $2217 million (1987 $ Can) 
respectively. 


For both hydrocarbons and CO, two cases were considered. Either 33-1/3% or 
12.5% of the cost could be attributed to their control in Case A. This is a 
result of the two cases considered previously for NO, control. In the first, 
33-1/3% of the cost was attributed to NO, control. In the second, 50% of the 
cost was for NO, control so that 12.5% of the cost was due to hydrocarbon 
and CO control each. For CO, the cost for CO reduction was $58 per tonne of 
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CO removed or $22 per tonne of CO removed. The cost for hydrocarbons was 
$754 per tonne or $285 per tonne of hydrocarbons reduced depending on the 
fraction ofecontro) cost which iseattmibuted toehydrocarbon and CO control. 


For Case B, the cost could be divided equally between CO and hydrocarbon 
control since the warmup catalyst and preheater only affected these 
emissions. For CO and hydrocarbons, 50% of the additional retail cost, $1008 
million (1987 $ Can) would then be added to 33% or 12.5% of the cost in Case 
A in order to calculate the cost of CO and hydrocarbon control. For CO, 
$119 or $86 per tonne would be spent on CO control compared with $1475 or 
$1070 per tonne for hydrocarbon control. 


The marginal cost of additional CO control was $709 per tonne CO removed or 
$940 per tonne of CO removed depending on whether 12.5% or 33-1/3% of the 
total cost in Case A was assigned to CO control. For hydrocarbon control, 
this marginal cost was $614 per tonne or $11606 per tonne of hydrocarbon 
reduction again depending on whether 12.5% or 33-1/3% of the total cost in 
Case A was assigned to hydrocarbon control. theses rcos us efor COs and 
hydrocarbon control are tabulated in Tables 9.10 and 9.11 respectively. 


63 


“1L9JUIAUOD 


otyApeqyeo dn-uiuem e pue wiazshs uoltzesodensd (any Aj sea ue jo 


asn ay} ybnouy} paratyoe sem {OuzUOD UOquedospAY pue QD | PUOLyLppPY 


“yoayye ul QQ pue 


suoqued0spAy JO} Spsepueys /R6] 


suoquesoupAy auuo} sad ue) ¢ /86T 6OIT'9$ =1S05) 
suoqueooupAy Sauuo} G8p~'Z2g :BdUaJa}JLG UOLJONpay UOqueIO4pAH 


ue) $ /B61 - WS g00'T$ 


7g ase) 


7g ase) 
‘y asey 


| cul buey 


:9DUdIAJ Jig SOD [ LeyoY 


Ss yoese) 


:{O1}U0) UOqUedOUpPAH {PUOLALPpy JO }SOJ | euLbseW 


180219 


16S 62S 


suoqueoo0upAy auu0y sad ue) ¢$ (861 
suoqueo0upAy auuo} sad ueg ¢ /86T 


ue) $ (861 - we 
suoques0upAy Sauuody 


ue) $ (861 - wt 


suoquesoupAy auuo} sad ue) ¢ /R6T 
suoquec0upAy auuoy sad ue) ¢ /86T 


suoquedoupAy sauud} 
ue) ¢ /861 - wg 


OL0'I$ +3809 Y ase) 4O 7%G°eT “bt 


Slv‘I$ :ys0D y ase) jO ZEE “h 
:UOLJONPay UOGuedO0upAYH JO 4sSOgQ 
800'T$ :ySOJ [Lezay | PUOLyLPpY 
180'219 :YOLJINpay UoguedophH |e} 
L12‘2$ 74s) [Lejay [e}O] 
7g eseg 

S8z$ 74SOD [B}0} JO ¥G°2T ‘t 

vSl$ *¥soD [B}0} yo YEE “t 


:UOLJONPayY UOqUeDOUpPAH 40 4SO0) 
T6S‘62G :YOLzONpay uogsedo4pAH | e}O] 


6ST‘ L149 
982‘ 1S 
821 pes 
2591 pl6 
v6L'I o€0'T 
S10'2 9rI'T 
60b ‘2 S9e'T 
8282 ges‘ 
20b‘€ €8e'T 
ii2 4 982'2 
GBE'S Ly8'2 
bob’ / Lye 
€L0‘1T 865'S 
G26'8 G26'‘8 
92911 929'TI 
gq 2Se’) y ose) 


022'°88 
pS2'28 
8E9'18 
B2£ ‘BL 
0SS ‘OZ 
169'b9 
9/8°/S 
122 ‘0S 
612° 2b 
098 '2€ 
O2L'€2 
991 ‘ST 
T6b ‘21 


TO1'89 
986'S9 
199'6S 
9S€°SS 
€vT ‘0S 
6Eb bb 
L9C'BE 
61S ‘0€ 
b2S 22 
991 °ST 
T6b ‘cl 


Ne cy 602'1$ SLO} 
801 cS 

EAL! S18 

ie 09 

gel S9 

orl 04 

8ST GL 

OL 18 

esl 88 

L61 v6 

cle cOl 
B22 601 
Ste fut 
b9¢ 921 
Stel Sel 
Sb Sl 

g ase) y ase) 


(qunoostp %QT) (euu0y/¢) 
UOL}JONpay UOLSSLWFZ UOqueDOUpAH 
JO }SO) JO an, eA JUeSaid 


(seek /auu0}) 


uoL}ONpay uoLsstuly UOquedoIpA} 


(ue) ¢ (861 - wf) 
3S0) [Leqay [eOL 
AaNLeA JuUasaig 


SIIOIHIA INIVOSYD ALNG LHOT1 WON4S SNOTLINGIY NOISSIWI NOPYVIONGAH JO SLSO9 Q3L93CO0Ud 


OT'6 318VL 


602'1$ :yso7 [ejay [ejOY 
"y ase 
Tet 902 2002 
€cv 202 1002 
SIt 661 0002 
LOv S61 6661 
86E T6T 8661 
O6E £81 Z66T 
ee €8l 9661 
ble 6Z1 S66T 
99€ SLI p66l 
BSE cll C661 
OSE 89T c66T 
Ive bol T66I 
eee O91 0661 
9sI 9S1 6861 
Ca cS 8861 
g ase) y ase) 
(£861 - ug) dea) 


ys0) [LezaYy [eqO] 


‘Ja JUaAuod 


otqAp eyed dn-wuem e pure wayshs uolzesodena ,tanj Aj uea ue jo asn 
ay} ybnosyy paratyoe Sem [O4}UOD UOGJeDOIpAY pue Q) [eUOLyLppy <g ase) 
‘yoajja ut XQN pue *Q9 ‘SuOoquedospAY 40} Spsepue Ss /R6] ‘y asey 


0) auuoz sad ue) $ (RET 899$ 


:yso) | eurbuey 


0) sauu0} g09'PS/ raquasayjJtg UotjINpay OD 


ue) $ /86T - YS g00'Ts 


saduasayjstg 3SOJ [LeqVay 


7g ase) - Wy ase) 
:{O4jUO) QJ [eudL}Ippy yO ysoj [ euLbseW 


28€'S98'9 


QJ auuoy sad ue) ¢ /R6I 
Q) auuo} sad ue) ¢ /86I 


0) sauu0y 


ue) $ L861 - uf 
ue) $ (861 - wf 


0) auuo} sad ue) ¢$ /R6T 


Qj auuoy sad ue) $ /R6I 


0) seuu0} 
ue) $ (861 - we 


Ete 2 602'1$ sSteqoL 
801 eS 

Alt 95 

921 09 

gel S9 

Srl OL 

8S 91 

OLT 18 

esl 88 

Z61 v6 

cle c0l 

B22 601 

Ste /L\M 

€9¢ 921 , 
sie | Sel 

Stl Sbl 

g ase) y aseg 


066'619'Z 

26 0S O6€ 8/1 'T 6p2'620'T 
20T 9S SLES t 99/'000'T 
elt 23 OST rial 282 ‘2/6 
lew él 0S6°2€0'T £02106 
Ort “LL 8/6 bbO'T ple 'SI6 
LSI S8 €bT'y00'l 169 ‘988 
08st L6 8b6' £6 (6€'1b8 
ST2 SII 10S ‘258 GSL‘S9L 
p92 Ovi OIL bbl £€0'r29 
BEE 9Z1 €b0' 229 950°9/S 
8bv 0&2 €6b' 80S bS9'SLb 
c99 bee 629‘ 69£ SOT'ISE 
9801 OvS Gee Ibe 8Sb EE? 
266 266 8Sb'9eT 8Sb 9ET 
evel evel 2S2 801 2S2 801 

gq ase) y aseg gq ase) yy aseg 
(qJunoostp ¥%9])(suu0z/¢) (4e9A /auu0}) 


uolLzJONpsy UOLSsStWZ QJ 
JO 4SO) JO an, eA JUuasaig 


UOL}ONpPay VOLSStWF QJ 


(ue) $ /86T - ws) 
ys) [e}eY [eI] 
ONL eA JUPSAId 


SSVOIHSA JNT10SVO ALNG LHOT) YO4 SNOTLONGIY NOISSIWI OD JO SLSOD GILD9COUd 


Tt’6 J18vl 


98¢ TSOO) Ya eSea ORG a7 meat 
611$ So] SOONV CO Sea) On, cic ae 
:uOL}JONPsy QJ 4O 4SO) 
066 ‘619° “UOLJONPSY OD [el 
800'1$ :YSO) [Le}oy [eUOLzLPpY 
Lizsc$ :ys0) [LeqJay 1 e IO] 
:g aseg 
2e$ :3S09 [2307 JO %G°2T 
gs$ :ysOD [&J0} JO YEE 
‘UOLYINPSY QD 40 4SO) 
28€'S98'9 :UOLJONPSY OD [PIO] 
602 '1¢ :yso) [Leyay 1 e}0L 
ty aseg 
Teb 902 2002 
ecb 202 1002 
SIP 661 0002 
L0b S6l 6661 
86E 161 8661 
O6E 281 ay 
e8e esl S661 
ble 621 S661 
99¢ SLI pebl 
8SE CL C661 
OSE 89l 2661 
Ive bol T661 
eee 091 o66I 
9SI ISH 6861 
eS eSI 8861 
gq ase) y aseg 
(2861 - w¢) ea, 


ys0) [LeyaYy [ eVO] 


9.3 Light Duty Vehicles - Diesel 
2 ee | Population Projections 


Light duty diesel vehicles accounted for 1.5% of all new car sales and 6.5% 
of all new light duty truck sales reported in the Transport Canada report 
[20]. For 1984 to 1987, the total and model year diesel car populations 
were found by multiplying the total and model year passenger year population 
by 0.015. The assumption was made that the fraction of car sales which were 
diesel vehicles would remain constant. Linear regression was used to 
extrapolate for the total and model year diesel passenger car populations 
for the years 1988 to 2002. 


The same procedure was used to predict the total and model year light duty 
diesel truck populations. The populations for passenger cars and light duty 
trucks are shown in Tables 9.12 and 9.13. 


923-2 Vehicle Costs 
Gees Nitrogen Oxides (NO,) and Particulates 


WWwOpecdseS | Wey ecONs |dereq SiOye NOV Mande Particulate “control” in diesel 
passenger cars and trucks. In Case A, the cost of the engine modifications 
required to meet the NO, and particulate standards implemented in 1987, 
based on industry estimates, was $651 per vehicle [20]. The cost for light 
duty diesel trucks would be $51 per vehicle [20]. 


For the second case, Case B, additional particulate control would be gained 
through the use of particulate traps which would be added to all cars and 
trucks starting with the 1990 model year. These traps would have no effect 
on the NO, emission rate, however. An estimate of the cost of these traps 
is $300 per vehicle so that the total equipment cost would be $950 per car 
and $35 leperatrucks 
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The total annual retail cost for diesel passenger cars and light duty trucks 
for Case A and Case B are also listed in Tables 9.12 and 9.13 respectively. 


Sip asl nee. Operating Costs 


The effect of the particulate traps on the vehicle maintenance and operating 
costs has not been quantified. Because of their low sales volume, 1.5% of 
passenger car sales and 6.5% of light duty truck sales, any cost increases 
would be negligible in relation to the total costs Toya | Light duty 


vehicles. 


9.3.4 Projected Emissions Reductions 


9.3.4.1 Nitrogen Oxides (NO,) and Particulates 


Three scenarios were considered. For Case A, the future predictions were 
based on the 1987 standards. Engine modifications were used to attain NO, 
and particulate control. An average emission rate of 0.12 g/km was used for 
particulate emissions which is the same as the 1987 standard _ for 


particulates. 


For Case B, emission level predictions were based on the assumption that 
effective particulate traps had been developed for light duty diesel 
vehicles. These traps would have no effect on NO, emissions so that the 
emission rate in tonnes/year would be the same for Case A. It was assumed 
that the particulate traps developed for these vehicles were 80% effective 
so that the average particulate emission rate was 0.024 g/km. 


In Case C, the predictions are based on the assumption that the NO, and 
particulate emission levels remain unchanged from pre-1987 levels. The 
reduction in NO, and particulate emissions for Case A and Case B relative to 
the base case, Cases C; “can @tnen semicalculatedss Ihe annual NO, and 


particulate emission rates for the three cases are listed in Tables 9.14 and 
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TABLE 9.14 


PROJECTED EMISSIONS REDUCTION FOR NOx FROM LIGHT DUTY DIESEL VEHICLES 


NOx Reduction 


Projected NOx Emissions (tonne/ year) 

Case A Case B Case C Case Case 
Year (tonne/ year) (tonne/ year) (tonne/ year) A-C B-C 
1984 1,638 1,638 1,638 0 0 
1985 iba Heil ihe FAH 1,781 0 0 
1986 1,806 1,806 1,806 0 0 
1987 1 eal Be et 0 0 
1988 1,768 1,768 1,897 129 129 
1989 1,759 59 1,996 237 237 
1990 leg7S VAS) 2,094 Bu5 SHS: 
1991 1,805 1,805 2,193 388 388 
1992 1,849 1,849 220 442 442 
1993 TES O5 1,905 2,390 485 485 
1994 1956 1,958 2,488 530 530 
1995 2,018 2,018 2586 568 568 
1996 2e085 2,085 2,684 599 599 
1997 2,160 2,160 2.183 623 623 
1998 27236 (ANS 2,881 645 645 
1999 Boe AB 2,980 669 669 
2000 2 Ney 2 erehy} 3,078 691 691 
2001 2,462 2,462 8), WAG) 714 714 
2002 a osy| Cao By ar4 37 130 


Case A: Predictions are based on the the 1987 standards; the main change 
is in the use of engine controls to attain the NOx and particulate 
standards. 


Case B: Predictions are based on the assumption that particulate traps are 
developed for light duty diesel vehicles. 


Case C: Predictions are based on the assumption that the particulate and NOx 
emission levels remain unchanged from the pre-1987 levels. 


TABLE OeuD 


PROJECTED EMISSIONS REDUCTION FOR PARTICULATES FROM LIGHT DUTY DIESEL VEHICLES 


Particulate Reduction 


Projected Particulate Emissions (tonne/year ) 

Case A Case B Case C Case Case 
Year (tonne/year ) (tonne/year) (tonne/year ) A-C B-C 
1984 609 609 609 0 0 
1985 673 673 673 0 0 
1986 707 707 707 0 0 
1987 728 728 728 6) 0 
1988 664 664 815 len ley | 
1989 605 605 815 210 ene 
1990 544 502 854 310 Spe 
1991 482 405 893 411 488 
1992 429 316 932 503 616 
1993 400 250 971 571 72) 
1994 iid 194 1,009 632 815 
1995 361 154 1,048 687 894 
1996 355 126 1,087 732 961 
1997 B67, 120 1,126 759 1,006 
1998 380 117 oD) 785 1,048 
1999 393 121 WS 780 WP Olsy2 
2000 405 125 1,242 837 iy dal 
2001 418 129 1,281 863 | WSe 
2002 431 132 1 Sau) 889 1,188 


Case A: Predictions are based on the the 1987 standards; the main change 
is in the use of engine controls to attain the NOx and particulate 
standards. 


Case B: Predictions are based on the assumption that particulate traps are 
developed for light duty diesel vehicles. 


Case C: Predictions are based on the assumption that the particulate amd NOx 
emission levels remain unchanged from the pre-1988 levels. 


OF Se 
9.3.5 Projected Costs of Emission Reductions 


9.3.5.1 Nitrogen Oxides (NO,) and Particulates 


The projected retail cost of the pollution control equipment was the sum of 
the costs for the diesel passenger cars and light duty trucks. Again, a 10% 
discount rate was used and 1987 was the base year. The total present value 
over the fourteen year period of 1988 to 2002 was $40.7 million (1987 $ Can) 
for Case A and $66.0 million (1987 $ Can) for Case B. 


Pots case A.=507, Of the Lotal vetaniacoss could be=abtributed to-NOx control. 
Tipe rest eeun ins a -cOSt “Ol SNOle reduction of $361G=per: tonne of: NOy 
CeumGal VOnmem (Nee Cost. oO; Pparticuli ave veduction for Case Ae if 50% of the cost 
Was “ue ste Bpoartbiculate controk,e was $3119 per tonne of particulate 


reduction. 


For Case: Bo nall of the ladditional ‘cost of $46 million (1987°$ Can) is 
associated with particulate control. Adding this to 50% of the Case A cost 
yields a cost for the particulate reduction of $5490 per tonne of 
Pavit Ulatem removed die Cost (of TNO ecControl, $3618 per, tonne of, NO, 
removed, is the same as for Case A. The marginal cost of this additional 


particulate control was $25,598 per tonne of particulate control. 


Theseecosts for.NO, and particulates are tabulated in Tables 9.16 and 9.17, 
respectively. 


9.4 Heavy Duty Vehicles 
9.4.] Population Projections 


For heavy duty vehicles, the vehicle population was obtained from the 
Registrant/Plate/Vehicle Population Statistics.[1] The total population and 
model year population of gasoline and diesel vehicles in the commercial 
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vehicle category was used for the years 1984 to 1987. Linear regression was 
used to estimate the populations for 1988 to 2002. 


From an analysis of heavy duty vehicle sales in the Transport Canada 
analysis [4], the percentage of the model year vehicles in 1988 which were 
gasoline was estimated to be 41.6%. The percentage of the heavy duty 
vehicles which were diesel was then 58.2%. Using these percentages, the 
total and model year populations of gasoline and diesel vehicles were 
calculated. 


The total and model year populations of heavy duty gasoline and diesel 


vehicles are shown im Tables 9.16 andy9.26- 


Light heavy duty gasoline vehicles (HDGV) are classified as those weighing 
less than 6350 kg gross vehicle weight rating (GVWR), while medium heavy 
duty gasoline vehicles are those that weigh more than 6350 kg GVWR. Light 
HDGV comprise about 77% of the HDGV population, while medium HDGV make up 
the other 23%. Heavy duty diesel vehicles (HDDV) are divided into three 
weight classes. Light HDDV weigh between 3856 kg and 8845 kg GVWR, medium 
HDDV weigh between 8846 kg and 14969 kg GVWR, while heavy HDDV weigh more 
than 14969 kg. The percentage of HDDV which are in the light, medium, and 
heavy duty vehicle categories are about 30%, 25%, and 45% respectively. 


O25 Heavy Duty Vehicles - Gasoline 
ese | Vehicle Costs 


Two cases were considered when vehicle costs were studied. Case A modelled 
the effect of the implementation of the standards for heavy duty vehicles on 
December 1, 1988. From the Transport Canada report [4], the cost to meet 
the 1988 standards for NO,, hydrocarbons, and CO was $170 (1985 $ Can) or 
$184 (1987 $ Can). | 

In Case B, a future option, it was assumed that catalytic converters would 


be available for the 1992 model year vehicles at an additional estimated 
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cost of $600 per vehicle for a total cost of $784 per vehicle (1987 $ Can). 


Thewtotal wnnualh retail cost for Case A and Case B for heavy duty gasoline 


vehicles was given in Table 9.18. 


92532 Operating Costs 


For Case A, no changes in operating costs are expected as a result of any 
engine modifications [4]. For Case B, it was assumed that the catalytic 
converter would have to be regenerated every 50,000 km at a cost of $100. 
Since “the stotal sdastance stravelled by a HDGV> im ism etame as -epout 
177,300 km [4], the catalyst would have to be regenerated three times during 
the vehicle’s lifetime. No changes in the fuel consumption were available 


for inclusion in the analysis. 


For each HDGV in Case B, the present value of the total lifetime cost for 
regeneration over its 20 year operating life would be $145 (1987 $ Can) 
discounted using a 10% discount rate. For the model years 1988 to 2002 used 
in the analysis, the present value of the total lifetime maintenance costs 
would be $12,930,000. These operating costs are given in Table 9.19. 


O53 Projected Emissions Reductions 


Emission rates of hydrocarbons, CO, and NO, for heavy duty gasoline vehicles 
over the lifetime of the vehicles were obtained from the Transport Canada 
report [4] for two cases. In Case A, the emission rates were based on the 
adoption of the 1988 standards, and, in the second, Case C, the standards 
were not implemented. The NO,, hydrocarbon, and CO emission rates were then 
unchanged from pre-1987 levels. 


Forithe fuluresscenarionconsidered, Caseyh it 1S assimed that a catalytic 
converter has been developed which is 80% efficient in reducing the 
hydrocarbon and CO emissions and 70% efficient in reducing the NO, 
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emissions. Because catalytic converters for heavy duty gasoline vehicles 
are currently not available because of technical problems, this future 


scenario may not be feasible by the year 1992. 


The projected emissions for NO,, CO, and hydrocarbons for the three cases 
are given. inwfablesag. 20) 922) manded 21: 


9.5.4 Projected Costs of Emission Reductions 


For heavy duty gasoline vehicles, the present value of the total retail cost 
over the years 1988 to 2002 was $6.5 million for Case A and $20.2 million 
for CasesB. For =both=Case A and Case’ By 1b was assumed that the cost Tor 
control could be attributed equally to CO, NO,, and hydrocarbon control. 


IneCasee hee Ln isenestiltedain aacost form control e0t.o/7) pemelonne: CO, suis 9eper 
tonne hydrocarbon, and $4021 per tonne NO, removed. lnuCase -B. tins cost 
was $160 per tonne Co, $393 per tonne hydrocarbon, and $3444 per tonne NO,. 
The marginal cost of the additional control was $327 per tonne Co, $1874 per 
tonne hydrocarbon, and $3222 per tonne NO,. 


These costs are, tabulated inwlapies 9°23 and) 9725. 


9.6 Heavy Duty Vehicles - Diesel 


Geom Vehicle Costs 


The two cases used with the heavy duty gasoline vehicles were again 
considered for costing of the heavy duty diesel vehicles. The first, Case 
a, again modelled the 1988 standards for HDDV. From the Transport Canada 


report [4], the cost to meet the NO, and particulate standards was $560 


(198 5monlany: Oe 00, (1987) $ Can). 


For Case B, a possible future scenario, it was assumed that particulate 


69 


TABLE 9.20 
PROJECTED EMISSIONS REDUCTION FOR NOx FROM HEAVY DUTY GASOLINE VEHICLES 


NOx Reduction 


Projected NOx Emissions (tonne/ year) 

Case A Case B Case C Case Case 
Year (tonne/ year) (tonne/year) (tonne/year) A-C B-C 
1984 2,402 2,402 2,402 0 0 
1985 2,645 2,645 2,645 0 0 
1986 2,920 ico 2,920 0 0 
1987 3,219 ace) 3) aes 0 0 
1988 3,479 3,479 3,479 0 0 
1989 3 SIS HSS Sh 52 17 Wy 
1990 3,989 3,989 4,025 36 36 
1991 4 2a 4,241 4,297 56 56 
1992 4,493 4,360 45/0 ai 210 
1993 4,745 4,471 4,843 98 372 
1994 4,997 A573 By 16 119 543 
1995 5,249 4,672 5,389 140 TANG: 
1996 502 Ae Higa 5,662 160 890 
1997 =A ley! 4,878 5,934 Wi 1,056 
1998 5,988 4,965 6,207 219 1,242 
1999 ‘sj avail 5,092 6,480 229 1,388 
2000 6,514 5,229 6,753 239 24 
2001 6,777 5,193 7,026 249 1,827 
2002 7,041 5,401 7,299 258 1,898 


Case A: Predictions are based on the the 1988 standards; the main change 
is in the use of engine controls to attain the NOx, hydrocarbon, and CO 
emission standards. 


Case B: Predictions are based on the assumption that catalytic converters are 
developed for heavy duty gasoline vehicles. 


Case C: Predictions are based on the assumption that the NOx, HC, and CO 
emission levels remain unchanged from the pre-1989 levels. 


TABLE 9.21 
PROJECTED EMISSIONS REDUCTION FOR HYDROCARBONS FROM HEAVY DUTY GASOLINE VEHICLES 


Hydrocarbon Reduction 


Projected Hydrocarbon Emissions (tonne/ year) 

Case A Case B Case C Case Case 
Year (tonne/year) (tonne/year) (tonne/year) A-C B-C 
1984 3,888 3, 888 3,888 0) 0 
1985 4,282 4,282 4,282 0 0 
1986 4,728 4,728 4,728 0 0 
1987 5 a Belz Beale 0 0 
1988 Bros! SyGol Sloss 0 0 
1989 Sher! 5,570 6,073 502 502 
19390 5,489 5,489 [Sy ase 1,026 LAO26 
1991 5,387 5,387 6,956 1,569 1,569 
1992 5,282 5053 7,398 4 MOMS CROAS 
1993 5,190 4,719 7,840 2,650 Sapen 
1994 Bred: 4,392 8,282 3,161 3,890 
1995 BOs 4,083 8,723 3,648 4,640 
1996 5,060 3,804 9,165 4,105 Sy shay 
1997 5,081 3,568 9,607 4,526 6,039 
1998 4,626 2,866 10,048 5,422 7,182 
1999 4,830 2 tells 10,490 5,660 ios 
2000 5,033 2,822 10932 5,899 8,110 
2001 5,236 2 S20 las! 6,137 8,853 
2002 5,440 2,618 ites; ous 9,197 


Case A: Predictions are based on the the 1988 standards; the main change 
is in the use of engine controls to attain the NOx, hydrocarbon, and CO 
emission standards. 


Case B: Predictions are based on the assumption that catalytic converters are 
developed for heavy duty gasoline vehicles. 


Case C: Predictions are based on the assumption that the NOx, HC, and CO 
emission levels remain unchanged from the pre-1989 levels. 


TABLE 9.22 
PROJECTED EMISSIONS REDUCTION FOR CO FROM HEAVY DUTY GASOLINE VEHICLES 


CO Reduction 


Projected CO Emissions (tonne/ year) 

Case A Case B Case C Case Case 
Year (tonne/year) (tonne/year) (tonne/ year) A-C B-C 
1984 15,382 1S, a2 Wa}, they 0 0 
1985 16,942 16,942 16,942 0 0 
1986 18,704 18,704 18,704 0) 0 
1987 20,619 20,619 20,619 0 0 
1988 22,280 22,280 22,280 0 0 
1989 23,000 23,000 24,028 1,028 1,028 
1990 ons Zoe 7S BS. IS 2,062 2,062 
1991 24,422 24,422 (aii ey NS) eh UO ay Vol 
1992 ASy. JMay 237356 29,270 4,109 Boy 
1993 25,967 Zomco SOW, 3,050 756 
1994 26,823 22,654 32 OS 5,942 loys halal 
1995 27) USE 2en074 34,512 6,758 12,441 
1996 28755 21,562 36,260 de 507 14,698 
1997 29,820 2 LeL 38,007 8,187 16,846 
1998 30,252 20,174 39,755 9,503 19,581 
1999 SOG 20,163 41,502 9,920 217389 
2000 32,912 ZORZ55 43,249 hOeSSy 22,994 
2001 34,242 18,690 44,997 LOR 755 26), 307 
2002 Soy oy st 19,416 46,744 yas: Ai poe 


Case A: Predictions are based on the the 1988 standards; the main change 
is in the use of engine controls to attain the NOx, hydrocarbon, and CO 
emission standards. 


Case B: Predictions are based on the assumption that catalytic converters are 
developed for heavy duty gasoline vehicles. 


Case C: Predictions are based on the assumption that the NOx, HC, and CO 
emission levels remain unchanged from the pre-1989 levels. 
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traps would be available for the 1992 model year HDDV at an additional cost 
Ofe 6 500sipereveniale waihentotaleVvehicle cost would» then be $1107. As for 
heavy duty gasoline vehicles, this scenario may not be technically feasible 
in 1992 although research is currently being done on particulate traps for 
heavy duty diesel vehicles. 


The total annual retail costs for Case A and Case B are given in Table 9.26. 


U7 Gbe2 Operating Costs 


For Case A, fuel consumption is expected to increase by 1%. From the 
Transport Canada report [4], the fuel consumption of the classes of diesel 
vehicles was reported to be 15.6 L/100 km for light HDDV, 29.4 L/100 km for 
medium HDDV, and 39.8 L/100 km for heavy HDDV. Per vehicle, the increased 
fuel consumption would then be 277 L for light HDDV, 1267 L for medium HDDV, 
and 1267 L for heavy HDDV. 


Using a cost of diesel fuel of $0.45/L and discounting at 10% to 1987, the 
total 20-year lifetime operating cost per vehicle would be $63.44 for light 
HDDV, $288.97 for medium HDDV, and $742.55 for heavy HDDV. For model years 
1988 to 2002, the present value of the total lifetime fuel cost increase 
would then be $61,460,000. 


In Case B, the particulate traps are assumed to require maintenance every 
S0000sekmiat msacostwohe$50; The total distance travelled by the three 
different vehicle classes is estimated to be 177700 km for light HDDV, 
431100 km for medium HDDV, and 815300 km for heavy HDDV [4]. Trap 
maintenance would then be required 5 times for light HDDV, 14 times for 
medium HDDV, and 27 times for heavy HDDV over the lifetime of each vehicle. 


The present value of the trap maintenance required in each vehicle’s 
lifetime, discounted at 10% to 1987, would be $127.99 for light HODDV, 
$345.14 for medium HDDV, and $673.38 for heavy HDDV. For the model years 
1988 to 2002 then, the present value of the total lifetime maintenance cost 
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would be $61,020,000. Adding the extra fuel costs required to operated 
these vehicles, $61,460,000, would mean that the total operating costs for 
HDDV will be $122,480,000 (1987 $ Can). . 


The projected operating costs for Case A and Case B for HDDV are tabulated 
in Tables 9.27 and 9.28. 


9.6.3 Projected Emission Reductions 


NO, and particulates were the only emissions of concern with heavy duty 
diesel vehicles. In Case 7A, the future emission slevels of NO, and 
particulates were based on the 1988 standards. Emission rates of NO, and 
particulates were obtained from the Transport Canada report [4]. Engine 
modifications were used to attain the NO, and particulate emission 
Standards. 


In Case B, it is predicted that particulate traps will be available for 
heavy duty diesel vehicles for the 1992 model year. The traps were assumed 
to be 80% efficient in removing particulates. These traps would have no 
effect on the NOy emission rates so that the NO, emission levels would then 


be then the same as for .Cases A. 


Case © 1Ss)theubaseccasesinawnich tneremission levels of NOY and particulates 
are unchanged from the pre-1989 levels. This models the effect of not 
implementing the 1988 standards. Emission rates for NO, and particulates 
were again obtained from the Transport Canada report. 


The projected emission rates for NO, and particulates are given in 
Tables 9.29 and 9.30. 
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TABLE 9.29 
PROJECTED EMISSIONS REDUCTION FOR NOx FROM HEAVY DUTY DIESEL VEHICLES 


NOx Reduction 


Projected NOx Emissions (tonne/ year) 

Case A Case B Case C Case Case 
Year (tonne/year) (tonne/ year) (tonne/ year) A-C B-C 
1984 27,305 272305 27,305 0 0 
1985 30,074 30,074 30,074 0 0 
1986 so ,c03 g3—e203 33,203 0 0 
1987 36,601 36,601 36,601 0 0 
1988 39,550 39,550 39,550 0 0 
1989 40,110 40,110 42,652 2,542 Cae 
1990 40,499 40,499 45,754 Spee 25 
1991 40,687 40,687 78,856 38,169 38,169 
1992 40,950 40,950 51 957 11,007 OOM 
199s osiits: Aas 551059 Verya4 iin 44 
994 41,809 41,809 58), Low Lonss Gn sae 
1995 WE TiO) AOS 0) 61,263 18,533 ISi,.535 
1996 43,796 43,796 64,365 20,969 20,569 
1997 44,700 44,700 67,767 23,067 23,067 
1998 43,065 43,065 70,568 2H SiS, 27,503 
1999 44,958 44,958 73,670 28,7 le 28 ile 
2000 46,851 46,851 76,772 29,921 29,921 
2001 48,744 48,744 79,874 Sal US 31,130 
2002 50,637 50,637 82,976 32,339 Bc .ase 


Case A: Predictions are based on the the 1988 standards; the main change 
is in the use of engine controls to attain the NOx and particulate 
emission standards. 


Case B: Predictions are based on the assumption that particulate traps are 
developed for heavy duty diesel vehicles. 


Case C: Predictions are based on the assumption that the NOx and particulate 
emission levels remain unchanged from the pre-1989 levels. 


TABLE 9.30 
PROJECTED EMISSIONS REDUCTION FOR PARTICULATES FROM HEAVY DUTY DIESEL VEHICLES 


Particulate Reduction 


Projected Particulate Emissions (tonne/year) 

Case A Case B Case C Case Case 
Year (tonne/year) (tonne/ year) (tonne/year) A-C B-C 
1984 2 ENS 2,236 2 AKe 0 0 
1985 2,463 2,463 2,463 0 0 
1986 2S 2,719 2,719 0 0 
1987 2,997 2,997 2,997 0 0) 
1988 Bos $23 3,239 0 0 
1989 B24 3,424 3,493 69 69 
1990 3,603 3,603 Sew) 144 144 
1991 Setds Sele 4,001 228 228 
L992 3,943 3,546 ASD Sik2 709 
1$93 AS Se Shit 4,509 394 Ie alte: 
1994 4,289 SLO Niles) 474 Vee? 
1995 4,475 ZH 5), Oy 542 2,287 
1996 4,665 Dei Space 606 2,794 
1997 4,849  aeNS Doeo 676 3,290 
1998 4,946 1,979 Sees 833 3,800 
1999 5,164 1,869 6,033 869 4,164 
2000 5, shell 1,728 Wp Aevi 906 4,559 
2001 5,598 Lp Ze 6,541 943 Saal 
2002 5,816 Leté3 6,795 979 571632 


Case A: Predictions are based on the the 1988 standards; the main change 
is in the use of engine controls to attain the NOx and particulate 
emission standards. 


Case B: Predictions are based on the assumption that particulate traps are 
developed for heavy duty diesel vehicles. 


Case C: Predictions are based on the assumption that the NOx and particulate 
emission levels remain unchanged from the pre-1989 levels. 


9.6.4 Projected Costs of Emission Reductions 


For heavy duty diesel vehicles, the present value of the total retail cost 
was: $30.3. mil lon] form Case A and S4oe2%milivon forsGase. Be “ln Cases. ane 
retail cost could be divided equally between the NO, and particulate 
control. For Case B, however, the additional cost would be due entirely to 
the particulate control. As a result, the additional retail cost of $16 
million would be added to 50% of the total retail cost in Case A for a total 
cost ofeoo lO uminieon. 


In Case A, the cost of particulate control was $7001 per tonne, while NO, 
control was $143 per tonne. In Case B, the particulate control cost was 
$4839 per tonne. The marginal cost of the additional particulate control 


would be $1871 per tonne of particulates removed. 


Thesescosts =; or sNQverand: paritciumate reductioneare: Calciiatedminedapl esi) 31 
and Oia 2: 


9.7 Summary 


The total projected costs, capital and operating, for the different vehicle 
classes are summarized in Table 9.33. The highest total projected costs are 
for light duty vehicles due to their large population. This group also has 
the largest reduction in pollutants. Particulate control on HDDV’s and 
LDDV’s and NO, control on HDGV’s and LDDV’s are particularly costly since 
the projected pollutant reductions are low. 
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TABLE 9.33 


TOTAL PROJECTED COSTS OF POLLUTION CONTROL SYSTEMS 
1988-2002 
(1987 $ Can) 
Capital % of Additional Operating Pollutant Coston 
Jenicle Pollutant Cost Capital Cost Cost Reduction Reduction 
Class Case Controlled ($m) Ch) ($m) (tonnes/year ) ($/tonne) 
Heavy Duty A NOx SeeZ 33.0% $0 543 So OeN 
Gasoline 
Vehicle co $2.2 33.0% $0 28,050 $78 
Hydrocarbons $2.2 33.0% $0 14,672 $149 
Total: $6.5 ($m) $0 ($m) 
Capital + Operating Cost: $6.5 ($m) 
B NOx $6.7 33.0% $4.3 1, 95a $5,655 
(0) $6.7 S5e04 $4.3 41,916 $263 
Hydrocarbons $6.7 SS n07 $4.3 17,093 $645 
Total: $20.2 ($m) $12.9 (Sm) 
Capital + Operating Cost: $33.1 ($m) 
Heavy Duty A NOx Sipe 50.0% $30.8 105,602 $435 
Diesel 
Vehicle Particulates Sipe 50.0% $30.8 26S S2neces 


Total: $30.3 ($m) $61.5 ($m) 
Capital + Operating Cost: $91.8 ($m) 


B NOx Some 0.0% $30.8 105,602 $435 
Particulates $30.9 100.0% $91.8 Green $19,106 
Total: $46.0 ($m) $122.5 ($m) 


Capital + Operating Cost: $168.5 ($m) 


TABLE 9.33 


TOTAL PROJECTED COSTS OF POLLUTION CONTROL SYSTEMS 
1988-2002 
(1987 $ Can) 


Capital % of Additional Operating Pollutant Cost of 
Vehicle Pollutant Cost Capital Cost Cost Reduction Reduction 
Class Case Controlled ($m) (%) ($m) (tonnes/year ) ($/tonne) 
Light Duty A NOx $906.8 75.0% $0 1,308,493 $693 
Gasoline or $399.0 335.0% $0 1,308,493 $305 
Vehicle 
co SHS yt Ze $0 6,865, 382 $22 
or $399.0 33.0% $0 6,865 , 382 $58 
Hydrocarbons SiS 12.5% $0 $29,591 $285 
or $399.0 33.0% $0 529,591 $754 
Total: $1,209 ($m) $0 
Capital + Operating Cost: $1,209 ($m) 
8 NOX $1,267 100.0% $0 Vat) O27 $838 
; $759 100.0% $0 Toul O24 $505 
co $655 50.0% $0 7,619,990 $86 
$903 50.0% $0 7,619,990 $119 
Hydrocarbons $655 50.0% $0 612,081 $1,070 
$903 50.0% $0 612,081 $1,475 
Total: $2,577 ($m) $0 
Capital + Operating Cost: $2,577 ($m) 
Light Duty A NOx $20.4 50.0% $0 5,630 $3,618 
Diesel 
Vehicle Particulates $20.4 50207 $0 6p 551 Seo) 


Total: $40.7 ($m) $0 
Capital + Operating Cost: $40.7 ($m) 


B NOx $20.4 0.0% $0 5,630 $3,618 
Particulates $45.7 100.0% $0 8,314 $5,491 
Total: $66 ($m) $0 


Capital + Operating Cost: $66 ($m) 


10.0 TOTAL COSTS OF POLLUTION CONTROL EQUIPMENT: ONTARIO AND CANADA 
(1984 TO 1988) 


Estimates of the total costs of the pollution control equipment used in 
Ontario and Canada for the last five years, 1984 to 1988, were made and are 
presented in Tables 10.1 and 10.2. All of the values given are in 1987 
Canadian dollars. 


For the model years 1984 to 1987, the number of model year cars and trucks 
in Ontario was obtained from the Registrant/Plate/Vehicle Population 
Statistics [1] as of December 31, 1987 produced by the Ontario Ministry of 
Transportation. The total vehicle population in Ontario was obtained from 
Statistics Canada for the years 1984 to 1987. A linear regression was used 
to estimate the number of model year cars and the total population of cars 
in 1988. 


A no-catalyst control system was defined as the base case pollution control 
System for passenger cars and light duty trucks. This system was given a 
value of $0. For passenger cars, the oxidation catalyst system was given a 
value of $360 based on the average obtained from various sources. The 


three-way catalyst system was valued at $640 [36]. 


Before 1987, 15% of the vehicles had a no-catalyst control system, and 70% 
used an oxidation catalyst system. The remaining 15% of the passenger cars 
used a three-way catalyst system. For 1987 and 1988 model year cars, only 
5% still used an oxidation catalyst system. The other 95% used three-way 
catalytic converters [20]. 


With light duty trucks, the oxidation catalyst system was valued at $225 and 
the three-way catalyst system was valued at $445. The three-way plus 
oxidation catalyst system had a value of $510. The values for these systems 
were obtained from the sources indicated previously in Table 9.1. Before 
198/, 62m cts the Stptaie Imahteadityo truckespopulationgased ay no-catalyst 
system, 67% used an oxidation catalyst system, 13% used a three-way catalyst 
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system, while the other 4% used a three-way plus oxidation catalyst system. 
For 1987 and 1988 model year trucks, only 5% of the trucks still used an 
oxidation catalyst System. The™@rest of the™irucks used either a Unree-way 
catalyst system (39%) or a three-way plus oxidation catalyst system (56%) 
202 


The total retail cost for each model year car or light-duty truck was then 
the sum of the total cost for the three or four alternative systems. The 
present value, based on the year 1987 and using a 10% discount rate, was 
calculated for each year and totalled for the past five years. The present 
value of the total costs for the years 1984 to 1988 was $1252 million for 
passenger ars and SlS6emmdion for light edutyetruckse sine Votalieost for 
passenger cars and light duty trucks was then $1408 million. These costs 
are shown in Table 10.1. 


In order to estimate the total cost of pollution control equipment in 
Canada, the same procedure was used. The number of model year cars was 
obtained from estimates made by Transport Canada; they assumed a 0.5% growth 
rate in motor vehicle sales to provide estimates for model years 1985 to 
1988. The same fraction of cars and trucks using the pollution control 
systems was used as for the Ontario case [20]. 


The present value of the total costs for the years 1984 to 1988 was $2582 
million for passenger cars and $534 million for light duty trucks. The 
total present value of :the pollution control equipment for passenger cars 
and light duty trucks was then $3117 million. These costs are presented in 
Table 10.2. 
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EEG CONCLUSIONS 


In carrying out the tasks assigned by the Air Resources Branch of the 
Ontario Ministry of the Environment, the following conclusions were 
determined. 


1.0. In 1988, there were about 5 million cars and light duty trucks and 
about 73,000 heavy duty vehicles being driven in Ontario. By the year 2002, 
there may be 8 million cars and light duty trucks on the road. These could 
be joined by as many as 155,000 heavy duty vehicles. 


e204 Other mobile sources of pollutants include other transportation 
sources (aircraft, railway, and shipping), household facial ities (lawnmowers, 
Snowblowers, snowmobiles, and recreational boats), and farm equipment 


(tractors, harvesters, balers, swathers, and combines). 


3.0. Light duty vehicles were the major single mobile source of the 
pollutants CO (72%), hydrocarbons (44%), and NO, (54%). Farm equipment was 
the main source of aldehyde emissions (46%), while other transportation 
sources was the main source of SO, (28%). Particulates were mainly emitted 
by heavy duty diesel vehicles 60%. 


4.0. Based on current standards, by the year 2002, the total annual 
emission levels from all mobile sources of hydrocarbons, SO,, aldehydes, and 
particulates will have increased from the 1988 levels by 11%, 17%, and 5% 
respectively. The total annual emission levels of NO, are projected to 
decrease by 11%. It was estimated that CO will remain unchanged. 


Seu: To meet the current federal emission standards (Sept. 1987), most 
gasoline passenger cars will require a three-way catalytic converter as well] 
as electronic feedback control of the fuel feed rate. For diesel passenger 
cars, electronic controls of the exhaust gas recirculation (EGR) and fuel 
feed and particulate traps are still being developed. Light-duty gasoline- 


fueled trucks will require a three-way catalyst system. 
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6.0. To meet the 1988 emission standards, heavy duty gasoline vehicles 
require EGR and optimization of engine operation. Oxidation catalytic 
converters are. available for vehicles weighing less than 14,000 |b GVWR. 
Heavy duty diesel vehicles require injection timing retard, turbocompounding 
and aftercooling, EGR, and thermal insulation of the engine. Particulate 


traps are still being developed. 


7.0. Although vehicles may be designed to meet the emissions standards, 
excessive emissions from motor vehicles may result from poor maintenance, 
engine maladjustments, disabled control systems, and misfueling. 


8:0: For light duty gasoline vehicles, the present value of the total 
capital costs for the years 1988 to 2002 to control NO,, CO, and hydrocarbon 
emissHons to, meet theml987 tempssion standards werevest imatedwaine costsmWwere 
found to be $693 per tonne NO, removed, $58 per tonne CO removed, and $/54 


per tonne of hydrocarbons removed (1987 $ Can). 


9.0. For light duty diesel vehicles, the present value of the total capital 
costs for the years 1988 to 2002 to control NO, and particulate emissions 
were estimated to be $3618 per tonne NO, reduction and $3116 per tonne 
particulate: reduction, (19873 Can): 


10.0. Heavy duty gasoline vehicles must meet the 1988 emission standards 
for heavy duty vehicles. The total operating and capital costs to control 
NO,, CO, and hydrocarbons for the years 1988 to 2002 were estimated to be 
$4021 per tonne NO,, $78 per tonne CO, and $149 per tonne hydrocarbon 
reduction (1987 $ Can). 


11.0. To meet the 1988 emission standards, the total operating and capital 
costs to control NO, and particulate emissions from heavy duty diesel 
vehicles are $435 per tonne NO, and $21,221 per tonne particulates (1987 $ 
Can) over the years 1988 to 2002. 
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12.0. \The total cost of pollution control systems on light, duty vehicles in 
Ontariot ikon thetiyearswi9s4 eto) 198Bswas: $1¢408emig liom (4987 SocCan)<) In 


Canada. the total costafor these tive  yearsawas: $3417 million. (19878 Gan). 
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12.0 BIBLIOGRAPHY 


The topic areas interest in this project included: 


the automobile emissions control technology, 
efficiency and cost, 
the levels and effects of vehicle emissions, and 


the effects of tampering on the emissions. 


A search was conducted for both light duty and heavy duty gasoline and 
diesel vehicles. The search utilized both electronic databases as well] as 
traditional methods such as cross-referencing, to locate source information. 


Literature from: 


Environment Canada, 

Transport Canada, 

Ontario Ministry of the Environment, 
USS. Eo Peneweand 

and other agencies 


was searched. The following is a summary of the most relevant references 


found by source and listed in chronological order. 


Environment Canada - The Environmental Protection Service 


Control of excessive emissions and fuel consumption by in-use motor 
vehicles. 


EPS 3-AP-81-2. 
August 1981. 


Even though new cars can meet emission standards with good fuel economy, 
improper maintenance and tampering lead to excessive emissions and fuel 
consumption. This report outlines vehicle inspection programs for major 


centres to ensure that tampering is minimized e.g. carburetors are not 
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maladjusted by using a rich air/fuel setting. The estimated effects of 


malfunctions on fuel economy and emissions are ljisted with tampering rates. 
The technology and cost to control automotive emissions in Canada. 


B8e0) 49 
January 1984. 
Unpublished report. 


A detailed examination of the various methods to control automotive 
emissions of passenger cars and light duty trucks for the previous and 
current (Sept. 1987) standards is presented. As well, costs for the methods 
were calculated based on manufacturer’s estimates and estimates made by the 
EPA. Two additional areas considered include the effect of cold weather and 


fuel composition changes on the emissions from light duty vehicles. 
Light duty vehicle emissions and the oxidant issue in Canada. 


Ponty o/ 3. 
May 1984. 


The major emphasis of this report was on the ozone levels due to the 
reaction of NO, and volatile organic carbon (VOC). The conclusion was 
reached that ozone was best controlled by reducing both NO, and VOC rather 
than by reducing just one of the two precursors. 


The review of methodologies to evaluate the benefits of lowering the levels 
of light duty vehicle emissions. 


IP-14. 
July 1984. 
Unpublished report. 


The goal of this report was to find a method in the literature to assign a 


value to the benefits of decreased emission levels by considering health 


improvements, increases in crop yield, increases in visibility, and 
decreases in material deterioration. The report concluded that it was not 
possible, based on the current literature, to estimate dollar values for any 


of the possible benefits however. 
Air pollution emissions and control: light duty vehicles. 


EPS 2/TS74: 
August 1984. 


This report projected the decrease in pollutant emissions due to the more 
stringent standards. A summary of the pollution control systems required to 
meet the previous and current (Sept. 1987) standards for diesel and gasoline 
passenger cars and trucks. The expected cost to manufacturers to equip the 
cars with the extra pollution control devices was $140 (1983 Canadian $). 


Analysis of proposed revisions to Canadian light duty vehicle emissions 


standards. 


IP-16. 
August 1984. 
Unpublished report. 


An analysis of the costs and benefits of the revised standards was done. 
The manufacturers’ and consumers’ costs due to the addition of the added 
pollution control device to the vehicles was determined. Costs to the 
refinery to produce additional unleaded gasoline with and without MMT was 
also documented. Except for lower car maintenance costs, no values could be 
assigned to the benefits of reduced emissions. The nonallocative impacts of 
the new standards, e.g. the effect on international trade, inflation, and 


employment, was also discussed. 
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A report with recommendations for the reduction of emissions from in-use 
light duty motor vehicles. 


IP-34. 
May 1985. 
Unpublished report. 


Improper maintenance, tampering, and misfuelling are seen as the major 
causes of elevated emission levels. A review of the literature provides 
information on the frequency of engine parameter maladjustment, tampering 
and misfuelling and their impact on emission levels. Recommendations to 
reduce the in-fleet emission levels include tamper resistant technology 
(sealed carburetors, three-way catalyst systems), public awareness programs, 
anti-tampering and anti-misfuelling legislation, and inspection/maintenance 


programs. 


Automobile misfuelling study: Results of a national public opinion survey. 


IP-56. 
April 1986. 
Unpublished report. 


A survey was performed at selected gas stations across the country in order 
to determine the extent of vehicle misfuelling, how the misfuelling occurs, 
and the public attitude towards misfuelling. 


Air pollution emissions and controls: The effect of control component 


removal or malfunction on vehicle emissions. 


LP=/2. 
July 1987. 
Unpublished report. 


Experiments were conducted on Canadian and U.S. specification light duty 
vehicles to study the most common types of tampering and the effects of the 
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tampering on vehicle emissions. 
Vehicle emissions control system tampering. 


EP Se 275/770; 
March 1988. 


The effect of tampering with the emissions. control systems is an increase in 
hydrocarbon, carbon monoxide, and nitrogen oxides emissions. The main 
culprit is misfuelling. This report describes the various type of tampering 
which occur, their frequency, and their effects on individual vehicle 
emissions. Solutions to the problem include anti-tampering/anti-misfuelling 
legislation, driver/mechanic training programs, and inspection/maintenance 


programs for urban areas. 
Transport Canada. 


Analysis of the effects of proposed revisions to light motor vehicle 
emission standards. 


TP 6684. 
June 1985. 


This is a report of the Socio-Economic Impact Analysis (SEIA) on the effects 
of the revisions to the allowable emission levels (effective Sept., 1987). 
The areas considered were the adverse effects of the emissions, automotive 
emissions control technology, costs of the proposed standards, benefits of 
the reduced emissions, and nonallocative effects. A cost-benefit analysis 
was attempted but limited cost information on the value of the benefits 
limited the usefulness of the analysis. 


Analysis of the effects of proposed revision to heavy motor vehicle emission 
standards. 


August 1986. 


This report is a SEIA of the effects of the proposed revisions to heavy duty 
truck emission standards. A description of the emission control technology 
for heavy duty gasoline and diesel trucks which would allow them to meet the 
current and proposed standards (effective Dec., 1988) is given. The adverse 
efrects' of the emissiqans, costs, emission reduction benefits, cost 
effectiveness, and nonallocative effects are considered. 


Ministry of the Environment 
Exhaust emission surveillance of Ontario in-use cars (brief report). 
November 1986. 


A test program was started to assess exhaust emissions from 200 in-use cars 
representing the Ontario car population as of mid-1982. Some of the goals 
of the program were to provide data for automotive emissions control 
Strategies, to establish a data base of emission factors for air quality 
modelling, to estimate compliance of Ontario cars with provincial emission 
criteria and Canadian standards. A fleet of 295 cars of 1962 to 1984 model 
years were tested 


Dee Tea 
Investigations into the emissions effects of vehicle misfuelling. 


EPA-AA-IMG-84-3. 
April 1984. 


This report describes the effect of the amount and frequency of misfuelling 


on motor vehicle exhaust emissions. Included are the effects of tampering 
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on exhaust emissions, the comparison of effects on exhaust emissions between 
low and high altitude emissions, and the effects of continuous misfuelling, 
and the frequency of misfuelling. For a series of cars, comparisons are 
made between the exhaust emissions of the original catalytic converter, the 
converter after being subjected to leaded fuel, and a replacement catalytic 
converter. The effect of misfuelling on the oxygen sensor was also 


determined. 
Size specific total particulate emission factors for mobile sources. 


EPA 460/3-85-005. 
August 1985. 


Final report. 


Particulate emission factors are derived for light duty vehicles and heavy 
duty trucks using leaded, unleaded, and diesel fuel. The fraction of each 
vehicle class equipped with the various pollution control devices, the on- 
road fuel economy, misfuelling rates, and fraction of catalyst systems 


removed is also estimated. 


Cost analysis of particulate emission control technology for heavy-duty 


diesel vehicles. 


ANL/EES-TM-310. 
May 1986. 


This report describes the particulate trap-oxidizer technology that are 
currently being developed by the manufacturers for heavy-duty diesel 
vehicles. An analysis was made of the cost estimates made by the EPA and 
the manufacturers. It was concluded that the EPA underestimated the life- 
cycle costs for heavy-duty vehicle’ particulate traps, while’ the 


manufacturers’ estimates provided an upper limit on the costs. 


84 


In-use performance of Daimler Benz light-duty diesel particulate trap 


oxidizers. 


EPA-AA-SDSB-88-02. 
February 1988. 
. Technical report. 


Ten 1980. light duty diesel vehicles equipped with particulate trap oxidizer 
systems and with mileages between 30000 and 50000 miles were tested for 
particulate and gaseous exhaust emissions. Only seven of the ten vehicles 
passed the California standard; there was some evidence of mechanical 


failure of the trap at low mileage levels. 
Other 


California State Air Resources Board 


Mobile source emissions analysis for California. Vol. 1 & 2. 


A2-065-32. 
June 1985. 


This series of reports identifies market penetration of the pollution 
control devices, emission rates ( including failure conditions), the effect 
of speed, temperature, and inspection/maintenance programs, and misfuelling 
on pollution control] device systems, and the effect of maintenance of bus 
smoke and particulates. 


i) Forecast of emission control technology and strategy for light-duty 
vehicles. 


June 1985. 
Forecasts of the technology used by gasoline-fuelled light duty vehicles are 


described as well as the strategies used by the various car manufacturers to 


deal with component failures. The in-use vehicle performance/emissions are 
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described when malperformances occur. 


ii) Technology assessment for light-duty vehicle compliance with a 
0.4 g/mile NO, standard. 
June 1985. 


An engineering assessment of the technology required to meet a 0.4 g/mile 
NO, standard is made. Effects on fuel economy, hardware, and costs are 
included. 


Organization for Economic Co-Operation and Development (OECD). 
The cost and effectiveness of automotive exhaust emission. control 


regulations. 


Lee 


This report notes that emission standards are being exceeded as cars age due ~ 


to degradation of the control systems. The major causes of degradation are 
control system component durability, improper maintenance, maladjustment, 
and tampering. The OECD’s conclusion is that the most cost effective method 
to minimize this deterioration would be to impose limits on adjustability of 
engine parameters to limit tampering. Inspection/maintenance programs are 


considered to be the least effective of the possible strategies. 


U.S. Department of Energy 
Effectiveness, benefits, and costs of more stringent nitrogen oxide and 
particulate emission controls for heavy duty trucks. 


ANL/EES-TM-273. 
November 1984. 


A description of the emission control technology for heavy duty gasoline and 
diesel trucks is given. Estimates *of™ the =cost, penefits,** and “cost= 


effectiveness of stringent NO, and particulate control on a per vehicle 
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basis is made as well as the impact on fleet sales and mix. 


Economics and Public Policy: The Automobile Pollution Case. 


Donald N. Dewees. 
1974. 


A methodology was developed to determine the costs of automobile pollution 
abatement. A comparison of the cost and effectiveness of the technical 
alternatives for pollution control was made. Other factors considered 
included the benefits of pollution abatement, the demand for automobiles, 
and the effect of engine size, vehicle weight, and fuel composition on 


pollution. 


Automotive Emission Control. 


William L. Husselbee. 
1984. 


This book gives technical details on the design and operation of the 
different types of pollution control devices currently being used on 


gasoline passenger cars. 
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OTHER REFERENCES 


These references are considered secondary in usefulness to the study. 
Environment Canada 
Stopping Acid Rain 


This booklet and loose sheets deal mainly with Canadian and US acid rain 
control programs. Some data are given on the release of SOQ and NO, from 


transportation sources. 
Automobile emission trends in Canada 1960 - 1985. 


EPS ig-AR=/ 3s 
May hee 


This report analyzed the Canadian vehicle population and estimated the 
effect of the proposed 1975 standards on the total automobile emissions. It 
is projected that there will be a decrease in Canadian air quality unless 


COnECORSacenused. 


Impact of emission standards on energy, vehicle cost, and air quality in 


Canada: Summary report. 


PLMR-21-83. 
January 1983. 


DuPont analyzed the impact of alternative levels of emission standards on 
air quality, energy consumption, and economic costs. This report emphasized 
the increased fuel use required, the increased deterioration rate of the 
catalytic control systems, and the balance of international trade changes 
due to increased importation of pollution control systems. DuPont argued for 


increased standards for CO emissions. 
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An analysis of the estimated costs and benefits of lead traps relative to 


conventional muffler systems. 


March 1983. 
Unpublished report. 


This report forecasts sales of vehicles which use leaded gasoline to 1995. A 
description of lead traps, their cost, and expected emission reductions are 
given. This analysis was written before the government announced the phase 
out of lead in gasoline by 1990. 


Summaries of studies related to the review of new motor vehicle emission 


standards. 


Psy loeb: 
November 1984. 


The executive summaries of eight consultants’ studies are given. These 
studies were commissioned to try to determine the impact of the more 


stringent emission standards that were to be implemented in Sept. 1987. 


Understanding Automobile Emissions 
October 1986. 


This is a series of papers written jointly by Environment Canada and PACE 
which describe the emissions of leaded, unleaded, and diesel] fuel, pollution 
control devices (mainly catalytic converter), misfuelling and effects on 
pollution control devices, effects of automobile emissions, and Federal 
government initiatives to reduce motor vehicle pollution. These papers are 
of limited use since they were mainly nontechnical and written for the 
general public. 
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UlS BEPC Ae 


Medium duty vehicle emission control cost effectiveness comparisons. Vol. 1 


- Executive Summary. 


EPA 460/3-74-004/a. 
January 1974. 
Final report. 


Emission control cost factors are developed for light duty vehicles - LDV 
(<6000 1b), medium duty vehicles - MDV (6000-14000 1b), and heavy duty 
vehicles - HDV (>14000 1b). It was found that MDV control systems are more 
cost effective than LDV control systems. This report was written in 1974 
before catalytic converters were fully developed. 


Evaluation of Toyota LCS-M Carina Phase 2. 


EPA/AA/CTAB/87-09. 
December 1987. 


This report deals with testing of emissions from methanol fuelled vehicles. 
Other 

Environmental Protection Act - Motor Vehicles Regulation RRO. 1980 Reg. 31] 
Regulations regarding emission standards for hydrocarbons, CO, and visible 


emissions. Also included is the regulation of the operation of cars 


containing catalytic converters. 


90 


Economic Council of Canada 
Automobile emission control: means and costs 


bal. 


This report deals with technology and costs of automobile emission control. 


It was based, however, on 1975 data. 
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TABLES VARIABLE CONSTANT TERM X COEFFICIENT R SQUARED 


2.2 PROJECTED MOTOR VEHICLE POPULATIONS - Light Duty Vehicles 


($33) Passenger Cars - Gasoline 
(10.1) Total Population -2.98E+08 151800 0.995 
Model Year Population =2.12E+07 10929 0.124 
(9.4) Light Duty Trucks - Gasoline 
(10h) Total Population -9.88E+07 50100 0.830 
Model Year Population -8.54E+06 4338 0.761 
(9.12) Passenger Cars - Diesel 
Tota! Population -4.47£+06 Bete 0.995 
Mode] Year Population =o I EAOS 164 0.124 
(9.13) Light Duty Trucks - Diese] 
Tota! Population -6.42E+06 ey 830 
Model Year Population = si olsjenr)s) 282 0.761 
2.3 PROJECTED MOTOR VEHICLE POPULATIONS - Heavy Duty Vehicles 
(9.18) Heavy Duty Vehicles - Gasoline 
Total Population -4.73£+06 2395 0.998 
Model Year Population -7.29E+05 368 0.948 
NGis2 53) Heavy Duty Vehicles - Diese] 
Total Population -6.64E+06 3363 0.998 
Mode! Year Population = 0Z2E-06 Swi 0.947 
Buses 
Total Population 32 ZS ler Oye 13 0.853 
2.4 PROJECTED MOTOR VEHICLE POPULATIONS - Heavy Duty Gasoline Vehicles 
(9.19) Light Heavy Duty Gasoline Vehicles 
Total Population -3.64E£+06 1844 0.998 
Mode! Year Population = SO LEOS 283 0.947 
(9.19) Medium Heavy Duty Gasoline Vehicles 
Total Population -1.09E£+06 551 0.998 
Model Year Population l= 68E+05 85 0.946 
Chis PROJECTED MOTOR VEHICLE POPULATIONS - Heavy Duty Diese! Vehicles 
(9.27) Light Heavy Duty Diesel Vehicles 
Total Population -] .99E+06 1009 0.998 


Model Year Population SSO ECO S USS 0.947 


Linear Regression Equations 
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TABLES VARIABLE CONSTANT TERM X COEFFICIENT R SQUARED 
(9.27) Medium Heavy Duty Diesel Vehicles 
Total Population -1.66E+06 841 0.998 
Model Year Population =ZeoserO) Vas) 0.946 
(9.27) Heavy Heavy Duty Diesel Vehicles 
Total Population -2.99E+06 153 0.998 
Mode] Year Population -2.60E+05 233 0.946 


3.2 TOTAL ANNUAL NITROGEN OXIDE EMISSIONS FOR ONTARIO FROM MOBILE SOURCES 


Air =6.71E+05 34} 0.992 
Shipping Soleo 493 0.230 
Railways -6.44£+04 48 0.023 
Buses 5). Az 18 5750 
Snowmobiles 1.17£+04 =6 0.982 
Recreational Boats = tSE+O5 60 ORS53 
Lawnmowers = (5) O)21e 408) 3 ORSS2 
Snowb lowers SZ SIESAIS) 3 0.947 
Tractors -1.84E+05 100 0.875 
Combines 1.78E+04 =16 0.887 
Balers 1.27£+04 -6 0.589 
Swathers 1.82£+04 =8 Omen 
Harvesters 1.70E+04 -8 0.463 


3.4 TOTAL ANNUAL CARBON MONOXIDE EMISSIONS FOR ONTARIO FROM MOBILE SOURCES 


Ww 
= 


Air =2,17E+06 1107 1.000 
Shipping -4.15£+05 213 0.264 
Railways -2.34E£+04 17 0.023 
Buses -8.77E+04 48 0) ANS, 
Snowmobiles 1.14E+06 -567 0.979 
Recreational Boats -3.14E+06 1612 0.943 
Lawnmowers -1.86E+06 959 0.984 
Snowb lowers We 5et-06 840 0.994 
Tractors -1.63E+06 898 0.886 
Combines Be2sesO5 -152 0.891 
Balers )_ Aelesals) -241 0.591 
Swathers Bho techs -183 0.317 
Harvesters 1.71E+04 -8 0.611 


TABLES 


338 


Seu 


VARIABLE 
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CONSTANT TERM 


Air -1.47E+06 
Shipping = (Nea ONS) 
Railways =3SeoLe+04 
Buses =7 .SIE+03 
Snowmobiles if eholaanOls 
Recreational Boats =6,15E+05 
Lawnmowers -8.24E+05 
Snowb lowers Soff Hehe ONS 
Tractors -3.34E+05 
Combines 1.49E+04 
Balers enor 04 
Swathers 1.53E+04 
Harvesters Seo E LOS 


Snowmobi les 


Lawnmowers 


Snowb lowers 


Tractors 
Comb ines 
Balers 
Swathers 
Harvesters 


TOTAL ANNUAL PARTICULATE EMISSIONS FOR ONTARIO FROM 


3.25£+04 
-2.63£+04 
SOR eo EOS 
-1.66£+04 
2. SES 
8.84E+02 
sa0SE TUS 
@ Molenn Oke 


Air -5.79E+04 
Shipping = OCEE OS 
Railways -1.00E+04 
Recreational Boats -1.36£+04 
Tractors -1.13E+04 
Comb ines 1.49E+03 
Balers 6.68E+02 
Swathers 1.86E+03 
Harvesters 1. 77E+04 
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ALCOEFFICIENT 


TOTAL ANNUAL HYDROCARBON EMISSIONS FOR ONTARIO FROM MOBILE SOURCES 
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Linear Regression Equations 
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TABLES VARIABLE CONSTANT TERM X COEFFICIENT R SQUARED 


3.12 TOTAL ANNUAL ALDEHYDE EMISSIONS FOR ONTARIO FROM MOBILE SOURCES 


Rai lways -9.36E+02 0.7 0.022 
Snowmobi les 1.09E+04 23) 3% 0.981 
Lawnmowers =7 -S7E+03 ail 0.990 
Snowb lowers -6.88E+03 55 0.942 
Tractors al), S\51e-71016) aA 0.889 
Combines 6.41£+02 Ome 0.750 
Balers 6.49E+02 =(0),;8 0.750 
Swathers §.20E+02 ales OR355 
Harvesters 6.28E+02 =O). 0.519 
Note: The X- or independent variable is always the year 


The Y- or dependent variable is either vehicle population or emission rate. 
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